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Chapter 1

Introduction

1.1 Find the memory required, in bytes, to store the following images.

(i) 64 x 64 binary image.

(ii) 128 x 128 8-bit gray-level image.
(iil) 64 x 64 24-bit full-color image.
(iv) 512 x 512 binary image.

(v) 1024 x 1024 8-bit gray-level image.
(

vi) 4096 x 4096 24-bit full-color image.
(64)(64)/8 = 512
(128)(128) = 16384
(64)(64)(3) = 12288
(512)(512)/8 = 32768
(1024)(1024) = 1048576

(4096)(4096)(3) = 50331648

1.2 Find the memory required, in bytes, to store the images given in Exercise (1.1) after (i) doubling the
number of rows and columns and (ii) reducing the number of rows and columns by a factor of 2.

2048, 128

65536, 4096
49152, 3072

131072, 8192



4194304, 262144

201326592, 12582912

1.3 Find the pixel values of the 8 x 8 8-bit gray level image
{z(m,n),m=0,1,2,...,7 and n=0,1,2,...,7}

corresponding to the given 2-D function. (Round the real values of the image to the nearest integer after
necessary scaling.)

27 2 m
x(m,n) =1+ cos(gm + <" Z)
(i)
2m 2m T
x(m,n) + cos( 3 m+ g 2n 6)

(iii)
2 2
z(m,n) =14 cos(%Om + lOn)

8
(iv)
z(m,n) =1+ cos(%rélm + 2%411)
(v) ) 5
z(m,n) =1+ cos(%Om + gn)
(vi)

2 2
z(m,n) =1+ cos(g2m + gOn)

218 255 218 128 37 0 37 127
255 218 128 37 0 37 127 218
218 128 37 0 37 127 218 255
128 37 0 37 127 218 255 218
37 0 37 127 218 255 218 128

0 37 127 218 255 218 128 37
37 127 218 255 218 128 37 0
127 218 255 218 128 37 0 37

238 191 17 64 238 191 17 64
251 95 4 160 251 95 4 160
191 17 64 238 191 17 64 238
95 4 160 251 95 4 160 251
17 64 238 191 17 64 238 191

4 160 251 95 4 160 251 95
64 238 191 17 64 238 191 17
160 251 95 4 160 251 95 4




(iii)

255 255 255 255 255 255 255 255
255 255 255 255 255 255 255 255
255 255 255 255 255 255 255 255
255 255 255 255 255 255 255 255
255 255 255 255 255 255 255 255
255 255 255 255 255 255 255 255
255 255 255 255 255 255 255 255
255 255 255 255 255 255 255 255

(iv)
[ 255 0 255 0 255 0 255 0
0 255 0 255 0 255 0 255
255 0 255 0 255 0 255 0
0 255 0 255 0 255 0 255
255 0 255 0 255 0 255 0
0 255 0 255 0 255 0 255
255 0 255 0 255 0 255 0
. 0 255 0 255 0 255 0 255 |
v) _
[ 255 218 128 37 0 37 127 218
255 218 128 37 0 37 127 218
255 218 128 37 0 37 127 218
255 218 128 37 0 37 127 218
255 218 128 37 0 37 127 218
255 218 128 37 0 37 127 218
255 218 128 37 0 37 127 218
L 2565 218 128 37 0 37 127 218 |
(vi)

255 255 255 255 255 255 255 255
128 128 128 128 128 128 128 128

0 0 0 0 0 0 0 0
127 127 127 127 127 127 127 127
255 255 255 255 255 255 255 255
128 128 128 128 128 128 128 128

0 0 0 0 0 0 0 0
127 127 127 127 127 127 127 127

1.4 Find the pixel values of the 8 x 8 binary image by setting the gray level values between 0-127 to 0 and
128-255 to 1 for each of the 8-bit gray level images

{z(m,n),m=0,1,2,...,7 and n=0,1,2,...,7}

obtained in Exercise (1.3).
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(vi)
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1.5 Find the bit-plane components of the image and verify that the image can be reconstructed from them.
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8 1 7 7

1 11 6 12

0 &8 7 13

9 10 9 6
8 1 7 7 1 0 0 O 0 0 1 1 0 0 1 1 0 1 1 1
1 11 6 12 3 01 0 1 2 00 1 1 01 1 0 1 1 0 0

—9 2 2

0 &8 7 13 0101+0011+0010+0011
9 10 9 6 1 1 1 0 0 0 0 1 01 0 1 1 0 1 0

1.6 (i) Find the spatial resolution of an image if the scene of size 4 meters by 4 meters is represented by a
256 x 256 image.

256/4 = 64 pixels per meter.

(ii) Find the spatial resolution of an image if the scene of size 10 kilometers by 10 kilometers is represented
by a 4096 x 4096 image.

4096/10 = 409.6 pixels per kilometer.

(iii) Find the spatial resolution of an image if the scene of size 7 millimeters by 7 millimeters is represented
by a 1024 x 1024 image.

1024/7 = 146.2857 pixels per millimeter.

1.7 Let the sampling frequencies in horizontal and vertical directions be 32 cycles per sample. Is there
aliasing or not? If so, what are the impersonated frequencies.
(i)

xz(k,l) = cos(3—28k + 33301 — 6)

Aliasing

z(k, 1) = cos(ﬁzlk + 3—22l + 6)

(i)
27
z(k,l) = cos(—15k + 33141 + )
No aliasing
(i)
27
x(k,l) = cos(—??k + 722[ — 7)

32 3
Aliasing
27 2 T
k)= —bk+ —10l + —
x(k, 1) cos(325 + 35 0l + 3)
(iv)

x(k,l) = cos(—3k + 333l + )

No aliasing
(v)

xz(k,l) = COb(—32k + f32l +

32 32 4 )

Aliasing
z(k,l) = cos(—Ok + 3—201 + )
(vi)

2m
= —1 +—11 - =
x(k,l) = 005(3 Tk D) l 3)



Aliasing

2 2
x(k, 1) = cos(3—72rl5k - 3—72rlll + %)



Chapter 2

Enhance_sp

2.1 Find the complement of the 4 x 4 8-bit gray level image and verify that the image can be restored by
complementing the complemented image.
(i)
[ 112 148 72 153
120 125 30 99
95 120 89 33
L 170 99 109 40 |

143 107 183 102
135 130 225 156
160 135 166 222
85 156 146 215 |

164 127 117 59
154 122 104 83
129 136 100 60
117 128 80 48

91 128 138 196
101 133 151 172
126 119 155 195
138 127 175 207
(iii)
46 48 46 45
42 49 46 45
64 73 60 43
94 69 63 37

209 207 209 210
213 206 209 210
191 182 195 212
161 186 192 218

2.2 Find the complement of the 4 x 4 binary image and verify that the image can be restored by coplementing
the complemented image.
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2.3 For the list of gray levels, apply gamma correction and find the corresponding new gray levels. Apply
the inverse transformation to the new gray levels and verify that the given gray levels are obtained.

{0, 25, 50,100, 150, 200, 250, 255}

(i) v = 0.8.
{0, 40,69, 121, 167,210, 251, 255}

(i) v = 1.1.
{0,20,42,91, 142,195, 250, 255}

(i) (iii) v = 1.8.
{0, 4,14, 47,98, 165, 246, 255}

2.4 Given a 4 x 4 4-bit image, find the histogram equalized version of it.

(i)

= O e
> s
=R e W
= W W
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The cumulative distribution is
0,0,0,0.1875,0.9375,1,1,1,1,1,1,1,1,1,1, 1

The new pixel values are
0,0,0,3,14,15,15,15,15,15,15,15,15,15,15,15
The histogram-equalized image is
14 14 3 3
14 14 14 3
15 14 14 14
14 14 14 14

e
SO = =
o O O© O
NN W

The cumulative distribution is
0.3750,0.8125,0.9375,1,1,1,1,1,1,1,1,1,1,1,1,1
The new pixel values are
6,12,14,15,15,15,15,15,15,15,15,15,15,15,15,15

The histogram-equalized image is

12 12 6 12
12 12 6 15
12 6 6 14
12 6 14
(iii)
355 3
4 4 4 3
4 2 3 4
4 2 2 3

The cumulative distribution is
0,0,0.1875,0.5,0.8750,1,1,1,1,1,1,1,1,1,1,1

The new pixel values are
0,0,3,8,13,15,15,15,15,15,15,15,15,15,15,15

The histogram-equalized image is

8§ 15 15 8
13 13 13 8
13 3 8 13
13 3 3 8

2.5 Given 4 x 4 4-bit reference and input images, use histogram matching to restore the input image.
(i) The reference, input and output images, respectively, are

4 4 3 3 15 15 0 O 5 5 3 3
4 4 4 3 15 15 15 0 5 5 5 3
5 4 4 4 15 15 15 15 5 5 5 5
4 4 4 4 15 15 15 15 5 5 5 5
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The cumulative distributions of the reference and input images, respectively, are
{0,0,0,0.1875,0.9375,1,1,1,1,1,1,1,1,1,1,1}

{0.1875,0.1875,0.1875, 0.1875, 0.1875, 0.1875, 0.1875, 0.1875,
0.1875,0.1875,0.1875,0.1875, 0.1875, 0.1875,0.1875, 1}

The pixels in the input image 0-15 are mapped to
{3,3,3,3,3,3,3,3,3,3,3,3,3,3,3,5}

(ii) The reference, input and output images, respectively, are

3 3 3 3 15 15 15 15 3 3 3 3
3 3 3 3 15 15 15 15 3 3 3 3
3 2 2 3 15 0 0 15 3 2 2 3
2 2 2 2 0 0 0 O 2 2 2 2

The cumulative distributions of the reference and input images, respectively, are
{0,0,0.3750,1,1,1,1,1,1,1,1,1,1,1,1,1}

{0.3750, 0.3750, 0.3750, 0.3750, 0.3750, 0.3750, 0.3750, 0.3750, 0.3750, 0.3750, 0.3750, 0.3750, 0.3750, 0.3750, 0.3750, 1}

The pixels in the input image 0-15 are mapped to
{2,2,2,2,2,2,2,2,2,2,2,2,2,2,2,3}

(iii) The reference, input and output images, respectively, are

3 5 5 3 0 15 15 0 3 5 5 3
4 4 4 3 15 15 15 0 5 5 5 3
4 2 3 4 15 0 0 15 5 3 3 5
4 2 2 3 5 0 0 0 5 3 3 3

The cumulative distributions of the reference and input images, respectively, are
{0,0,0.1875,0.5,0.8750,1,1,1,1,1,1,1,1,1,1,1, }

{0.5,0.5,0.5,0.5,0.5,0.5,0.5,0.5,0.5,0.5,0.5,0.5,0.5,0.5,0.5, 1}

The pixels in the input image 0-15 are mapped to

{3.3,3,3,3,3,3,3,3,3,3,3,3,3,3,5}

2.6 Given a 8 x 8 8-bit image, find binary, hard and soft thresholded versions with the threshold 7" = 160.

255 255 255 117 50 39 50 56
255 255 255 194 45 26 48 B4
255 255 255 241 61 25 53 57
255 255 255 255 104 32 64 64
255 255 255 255 154 37 59 61
255 255 255 255 199 54 55 61
255 255 255 265 230 71 59 64
255 255 255 255 250 95 60 68

12



11100000
11110000
11110000
11110000
11110000
11111000
11111000

1111100 0
(255 255 255 0 0 0 0 0]
255 255 255 194 0 0 0O 0
255 255 255 241 0 0 0 0
255 255 255 255 0 0 0 0
255 255 255 255 0 0 0 0
255 255 255 255 199 0 0 0
255 255 255 255 230 0 0 0
255 255 255 255 250 0 0 0

95 9 95 0 0 0 0 O
95 95 95 34 0 0 0 O
95 95 95 81 0 0 0 O
95 95 95 95 0 0 0 O
95 95 95 95 0 0 0 O
95 95 95 95 39 0 0 O
95 95 95 95 70 0 0 O
95 95 95 95 90 0 0 O

2.7 Given a 4 x 4 image, find the 4 x 4 lowpass filtered output using the 3 x 3 averaging filter with the
borders zero-padded.

70 62 51 45
71 62 57 55
73 65 56 60
68 69 63 66

z(m,n) =

25 373 332 208
1| 403 567 513 324
ymn) =51 408 584 553 357
975 394 379 245

2.8 Given a 4 x 4 image, find the 4 x 4 lowpass filtered output using the 3 x 3 averaging filter with the
borders replicated.

41 43 45 43
40 41 42 41
42 38 39 42
39 33 37 36

x(m,n) =

371 381 386 386
1] 368 371 374 378
354 351 349 356
344 337 331 341

y(m,n)



2.9 Given a 4 x 4 image, find the 4 x 4 lowpass filtered output using the 3 x 3 averaging filter with the

borders periodically extended.

x(m,n) =

1
y(m7 n) - §

481
493
462
472

78
56
39
36

514
529
446
479

87
62
44
35

505
523
429
478

51
49
57
51

495
513
472
485

2.10 Given a 4 x 4 image, find the 4 x 4 lowpass filtered output using the 3 x 3 Gaussian filter with o = 0.5

and the borders symmetrically extended.

z(m,n)

202
216
224
224

195
211
212
205

192
200
215
227

191
209
227
230

202.7682
214.7263
221.8699
222.0558

y(m,n) =

197.0167
209.1150
212.8023
209.8174

193.2693
202.5467
215.4462
224.0159

192.9102
208.1208
224.2604
229.2589

2.11 Given a 4 x 4 image, find the 4 x 4 lowpass filtered output using the 3 x 3 Gaussian filter with o = 0.5

and the borders periodically extended.

z(m,n)

202
216
224
224

195
211
212
205

192
200
215
227

191
209
227
230

204.0419
214.0488
222.1100
220.2609

y(m’ n) =

198.5015
209.1150
212.8023
208.3326

196.7588
202.5467
215.4462
220.5264

197.9520
208.7983
224.0203
224.7383

2.12 Given a 4 x 4 image, find the 4 x 4 lowpass filtered output using the 3 x 3 Gaussian filter with ¢ = 0.5

and the borders zero-padded.

x(m,n) =

73.6368
74.3803
66.0361
58.2554

y(m,n)

95 82
84 78
73 71
7373

71.4016
75.9877
70.2204
63.2379

14

54
56
53
54

33
64
60
36

49.3887
58.3450
55.8732
48.5095

30.9644
53.3411
51.2330
32.4531



2.13 Given a 4 x 4 image, find the 4 x 4 highpass filtered output using the 3 x 3 Laplacian filter with the
borders zero-padded.

h(m,n)=11 —-4 1 (2.1)

45 52 56 52
49 60 55 55
47 55 53 46
45 48 51 40

x(m,n) =

—-79 —47 —-65 =97
—44 29 4 —67
-39 -—-12 -5 —-36
-85 —41 —-63 —63

y(mv n) =

2.14 Given a 4 x 4 image, find the 4 x 4 highpass filtered output using the 3 x 3 Laplacian filter with the
borders symmetrically extended.

64 62 62 68

(m, n) 68 66 58 64
| 75 70 60 58
72 69 59 60
2 6 2 -—-10
1 -6 20 -8
y(m,n) =

-15 —-10 5 10
0 -6 12 -3

2.15 Given a 4 x 4 image, find the 4 x 4 highpass filtered output using the 3 x 3 Laplacian filter with the
borders replicated.

39 40 35 33
31 40 39 37
34 38 41 43
37 39 42 43

-7 —6 7 6
20 —-12 -3 4

4 2 -2 =8
-1 0 -3 -1

2.16 Given a 4 x 4 image, find the 4 x 4 enhanced output using the 3 x 3 Laplacian filter with the borders
replicated.

0 -1 0
h(m,n)=1 -1 5 -1 (2.2)
0 -1 0

190 206 228 238
180 205 227 219
182 203 211 159
184 212 206 177

z(m,n) =

15



184 201 241 267
143 209 272 252
161 205 260 29
158 255 224 166

y(ma n) =

2.17 Given a 4 x 4 image, find the 4 x 4 enhanced output using the 3 x 3 Laplacian filter with the borders
periodically extended.

[ 138 163 162 177 T
148 157 167 175
153 165 160 178
157 162 164 188

[ 45 196 139 222 7
117 142 181 205
117 193 126 214
144 161 148 264

x(m,n)

y(m’ 7’L) =

2.18 Given a 4 x 4 image, find the 4 x 4 enhanced output using the 3 x 3 Laplacian filter with the borders
zero-padded.

[ 201 195 191 169 T
210 201 181 157
213 207 190 166

L 204 204 197 159 |

[ 600 382 410 497 T
435 212 166 269
444 227 199 324

L 603 412 432 432 |

2.19 Given a 4 x 4 image, find the 4 x 4 median filtered output using the 3 x 3 window with the borders

zero-padded.

(i)

201 195 191 169 7
210 201 181 157
213 207 190 166
204 204 197 139

[ 0 191 169 07

201 201 190 166

204 204 190 159
0 197 166 0

z(m,n) =

[ 138 163 162 177 T
148 157 167 175
153 165 160 178
157 162 164 188

[ 0 148 162 0

148 160 165 162

153 160 165 164
0 157 162 0

x(m,n)

y(m,n)

16



(iii)

z(m,n)

y(m,n)

[ 190
180
182

| 184

182
182

206
205
203
212

190
205
205
184

17

228
227
211
206

206
211
206
177

238 7
219
159
177 |

211
177




Chapter 3

DFT

3.1 The discrete periodic waveform x(n) is periodic with period 4 samples. Express the waveform in terms

of complex exponentials and, thereby, find its 1-D DFT coefficients. Find the 4 samples from both the
expressions and check that they are the same. Find the least-squares errors, if z(n) is represented by its dc
component alone with the values of the dc component X (0), 0.9X(0) and 1.1X(0).

(i)

2 2
z(n) =1+ 3COS(Z7T77/ + g) + 2(305(2%11)

27 7r 2
xz(n) = -2+ cos(zn - g) + cos(2zn)

2 2
z(n) =2+ cos(zwn + %) + cos(2z7rn)

2 2
z(n) = 1+ 3COS(Z7TTL + g) + 2cos(2%n)

= (DOF " £ (0.75 + j0.75v/3)e T 4 26727 4 (0.75 — j0.75V/3)e73 T
The samples are
{4.5000, —3.5981,1.5000, 1.5981}

The DFT coefficients are
4{1,0.75 + j0.75/3,2,0.75 — 50.75v/3}

With X (0), the error is

(1 —4.5000)2 + (1 — (—3.5981))% + (1 — 1.5000)? + (1 — 1.5981)* = 34
least squares errors are 34, 34.0400, 34.0400.
(i)

2 2
x(n) = -2+ cos(zﬁn — g) + cos(QZWn)

= —2(e/O%F" 4 (0.25 — j0.25V/3)ed T 4 I2H ™ 4 (0.25 + j0.25V/3)eI )

The samples are

{-0.5000, —2.1340, —1.5000, —3.8660}
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The DFT coefficients are
4{—2,0.25 — j0.25v/3,1,0.25 + j0.25v/3}

With X (0), the error is

(=24 0.5000)% + (=2 + (2.134))* + (—2 + 1.5000)* + (-2 + 3.866)* = 6
least squares errors are 6,6.16,6.16.
(iii)

2m T 2m
= 1 S — — S 27
z(n) + cos( " + 6) + cos( 1 n)

= 1(7OF " 4+ (0.25V/3 + j0.25)ed T 4 2T 4 (0.25v/3 — j0.25)e 3T
The samples are
{2.8660, —0.5000, 1.1340, 0.5000}

The DFT coefficients are
4{1,0.25v/3 + 50.25,1,0.25v/3 — j0.25}

With X (0), the error is
(1—2.866)> + (1 — (—0.5))% + (1 — 1.134)> + (1 — 0.5)> =6
least squares errors are 6,6.04,6.04.

3.2 Find the 1-D DFT of the 4 samples using the matrix form of the DFT definition. Reconstruct the input
from the DFT coefficients using the IDFT and verify that they are the same as the input. Verify Parseval’s
theorem.

(i)

{z(0) =2,2(1) =1,2(2) = 3,2(3) = 2}
(i)

{z(0) =1,2(1) =1,2(2) = 2,2(3) = -3}
(ii)

(i) The DFT of

X(0) 1 1 1 1 2 8
X | |1 - -1 1 ~1+j
X2 | |1 -1 1 4 3 2
X(3) 1§ -1 —j 2 —1—j
z(0) 11 1 17 8 2
(1) | 1|1 5 -1 —j -1+j | |1
¢2) | 4|1 -1 1 -1 21 |3
z(3) 1 —j -1 j1l-1-j 2
Signal power is 18.
(ii) The DFT of
X(0) 7 1 1 1 177 1 1
X(1) | |1 - -1 1| | -1-j4
X2 | |1 -1 1 -1 2 | 5
X(3) | 1§ -1 —j 1L -3 ~1+j4

19



z(0) 1 1 1 1 1 1
z(1) | 11§ -1 —j “1-j4 | | 1
2 | 4|1 -1 1 -1 50 | 2
z(3) 1 —j -1 j -1+ 44 -3
Signal power is 15.
(iii) The DFT of
X(0) 1 1 1 1 -1 -2
X(1) | |1 - -1 0] | 2+342
X2 | |1 -1 1 -1 -3 | —6
X(3) 1 5 -1 —j 2 2—j2
z(0) 11 1 1 -2 -1
z(1) | 1|1 § -1 —j 24+452 | | 0
zx2) | 4|1 -1 1 -1 -6 | | -3
z(3) 1 —j -1 2—j2 2

Signal power is 14.

3.3 The discrete periodic image x(m,n) is periodic with period 4 samples in both the directions. Express
the waveform in terms of complex exponentials and, thereby, find its 2-D DFT coefficients. Find the 4 x 4
samples from both the expressions and check that they are the same. Find the least-squares errors, if
x(m,n) is represented by its dc component alone with the values of the dc component X (0,0), 0.9X(0,0)
and 1.1X(0,0).
(i)

™

x(m,n) =1+ 2cos(%%(m +n)) — 3) + cos(2%%(m +n))

z(m,n) =2+ 2cos(%%(m +2n)) + g) - cos(2%77r(m +n))

™

z(m,n) = -1+ 2cos(%%(2m +n)) — 6) + 2605(2%{(771 +n))

x(m,n)

2
- g) + COS(QZW(m +n)

= (FOmE0n) 4 (0.5 — j0.5v/3)ed T (M) 4 (2

2
1+2cos(f(m+n)) )
) (0.5 + 50.5v/3)ed3 T ()
The image is

3.0000 17321  1.0000 —1.7321

17321 1.0000 —1.7321  3.0000

1.0000 —1.7321  3.0000  1.7321

~1.7321  3.0000 17321  1.0000

The DFT coefficients are

16 0 0 0
0 8—-713.8564 O 0
0 0 16 0
0 0 0 8+713.8564
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least squares errors are 48, 48.16,48.16.
(i)
2T T 2m
x(m,n) = 2+ QCos(z(m +2n)) + g) - cos(QZ(m +n))
= 2> FOMAOn) 4 (0.5 4 j0.5y/3)ed T (M) _ i3 (mn) 4 (0.5 — j0.5/3)ed3 5 (mt2n))
The image is
2.0000  2.0000 2.0000  2.0000
1.2679  2.7321 1.2679  2.7321

—0.0000 4.0000 0.0000 4.0000
4.7321 —-0.7321 4.7321 —-0.7321

The DFT coefficients are

32 0 0 0
0 0 8+513.8564 O
0 0 —-16 0
0 0 8—413.8564 O
least squares errors are 48,48.64, 48.64.
(iii)
27 T 27
z(m,m) = -1+ QCOS(Z(Qm +n))— 6) + 2COS(QZ(7TL +n))

_ _1(ej%f‘(0m+0n) + (0.5\/§_j0.5)ej2%(2m+n) + 2ej2%f(m+n) + (0.5\/§+j0.5)ej3%'(2m+n))

The image is
2.7321 —2.0000 —0.7321 —4.0000
—4.7321 —0.0000 —1.2679 2.0000
2.7321 —2.0000 —0.7321 —4.0000
—4.7321 0.0000 —1.2679 2.0000

The DFT coefficients are

—16 0 0 0
0 0 0 0
0 13.8564 —j8 32 13.8564 + 58
0 0 0 0

least squares errors are 96,96.16,96.16.

3.4 Find the 2-D DFT of the image using the matrix form of the DFT definition. Reconstruct the input
from the DFT coefficients using the IDFT and verify that they are the same as the input. Verify Parseval’s
theorem. FExpress the magnitude of the DFT coefficients in the center-zero format using the log scale,
logy(1 + | X (k,1)|). The origin is at the top left corner.
(i)
[ 112 148 72 153
120 125 30 99
95 120 89 33
L 170 99 109 40
(i)
[ 143 107 183 102 T
135 130 225 156
160 135 166 222
85 156 146 215
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(iii)

1 1 1
1 —j -1
1 -1 1
R
1.6140
14 0.044
= o0 | e

0.1480 — 50.0440

164
154
129
117

127
122
136
128

112
120

95
170

148
125
120

99

72
30
89
109

0.1970 — j0.1670
0.0670 + j0.0630
—0.1050 + 50.0030
0.0010 + j0.1210

117
104
100

80

—0.1480 + j0.2140

—0.1480 — 50.2140

83
60
48

153
99
33
40

— = =

—0.0200  0.1970 + j0.1670
0.0010 — j0.1210
—0.1050 — j0.0030

0.0670 — j0.0630

—0.1520

The signal power is 188384. The magnitude in log scale and center-zero format is

2.1847 2.0255 1.4914 2.0255
2.4170 1.9683 2.1915 2.0864
1.3222 2.4137 3.2082 2.4137
2.4170 2.0864 2.1915 1.9683
(i)
L 1 L 1 143 107 183 102 1 L 1 1
I =5 -1 135 130 225 156 L = -1 3
1 -1 1 -1 160 135 166 222 1 -1 1 -1
1 i1 85 156 146 215 1 i1
2.4660 —0.1970 + 50.1670 0.0200 —0.1970 — 50.1670
— 1000 —0.1480 — 50.0440 —0.0670 — j0.0630 0.1480 — 50.2140 —0.0010 + 70.1210
N —0.0300 + 50.0000 0.1050 — 50.0030 0.1520 0.1050 + j0.0030

—0.1480 + ;0.0440

—0.0010 — 50.1210

0.1480 + 70.2140 —0.0670 + 50.0630

The signal power is 405644. The magnitude in log scale and center-zero format is

(iii)

e e

1.7280
0.0420 — j0.0900
0.0560
0.0420 + 50.0900

= 1000

—0.0230 + 50.0210

22

2.1847 2.0255 1.4914 2.0255
24170 1.9683 2.1915 2.0864
1.3222 2.4137 3.3922 2.4137
24170 2.0864 2.1915 1.9683
1 164 127 117 59 L
J 154 122 104 83 I = -1
~1 129 136 100 60 1 -1 1 -1
. 117 128 80 48 , .
—J I j -1 —j
0.1630 — j0.2630 0.2020  0.1630 + j0.2630
0.0590 — j0.0050 0.0620 — j0.0320 —0.0230 — 50.0210
—0.0110 — §0.0250 0.0540 —0.0110 + 50.0250

0.0620 + 50.0320 0.0590 + 50.0050



The signal power is 204014. The magnitude in log scale and center-zero format is

1.7404 1.4520 1.7559 1.4520
1.8499 1.7797 2.0014 1.5071
2.3075 2.4919 3.2378 2.4919
1.8499 1.5071 2.0014 1.7797

3.5 Find the 2-D DFT of the 4 x 4 impulse image z(m,n) using the (i) row-column method and (ii) using
the shift theorem.

(i)
0 0 0 07
2(m,n) = 00 1 0
10 0 00
L0 0 0 0 |
(i)
0 0 0 07
2(m,n) = 00 0 O
" lo 0100
L0 0 0 0 |
(iii)
0 0 0 017
2(m,n) = 00 0 O
1o 0000
L0 0 0 1 |
(i)
1 -1 1 -1
_ —josn(k+ay _ | —Jb gl =gl gl
X(k)=e ] 1 1 1
Jj1 =51 41 —j1
(i)
1 -1 1 -1
o= -1 1 -1 1
_ 7]0.J7T(2k+2l):
X(k,l)=¢e 1 -1 1 -1
-1 1 -1 1
(iii)

1 j1 -1 —j1

i -1 —j1 1
-1 —j1 1 41
—j1 1 41 -1

X(k,l) _ e*j0.57‘r(3k+3l) _

*3.6 Using the DFT and IDFT, find: (a) the periodic convolution of z(m,n) and h(m,n), (b) the periodic
correlation of z(m,n) and h(m,n), and h(m,n) and xz(m,n), (c¢) the autocorrelation of x(m,n).

(i)
21 3 3 21 3 2
101 2 11 -1 -2
vmon) =\ g | M =1
2.0 1 2 10 2 2
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1 2 -2 1 0 -1 2 2
-2 0 1 4 -3 1 1 -1
smm) =1y Ly g | Mmm= g
0 1 2 4 0 1 1 2
(i)
2 1 3 4 3 1 2 4
-2 0 1 4 01 -1 2
smm) =y g o | =1y
3 1 0 4 0 1 2 1
(i) The DFT of z(m,n) is
24.00 + 70.00 4.00 4 56.00 4.00 4 50.00 4.00 — 56.00
X(kiy— | 3007100 —5.00473.00 —100+7100 —5.00— 7100
T 6.00450.00 2,00 —§2.00  2.00 +50.00  2.00 + §2.00
3.00 — 51.00 —5.00 + §1.00 —1.00 — j1.00 —5.00 — 53.00
The DFT of h(m,n) is
11.00 4 50.00 0.00 — 51.00 5.00 4 50.00 0.00 + 51.00
(k)= | L00+G6.00 —1400—j100 ~7.00+j0.00  —4.00— ;500
T 3004000 —2.00441.00  1.00 4+ j0.00  —2.00 — §1.00
1.00 — 76.00 —4.00 4+ 55.00 —7.00+ 70.00 —14.00+ 51.00
The pointwise product Y (k,1) = X (k,1)H(k,1) is
264.00 + 50.00 6.00 — 54.00 20.00 + 70.00 6.00 + j4.00
—3.00 +519.00 73.00 — 537.00  7.00 — 57.00 15.00 + 529.00
Y =X H =
(k1) = X (k, ) H (k. 1) 18.00 4+ j0.00  —2.00 + j6.00  2.00 + j0.00 —2.00 — 56.00
—3.00 — 519.00 15.00 — 3529.00  7.00+ 57.00 73.00+ 537.00
The IDFT of Y (k,1) is the convolution output in the spatial domain.
31 23 8 7
N A I
YITI=1 g 9 29 26
18 26 18 9
The pointwise product Y (k,1) = X*(k,l)H(k,1) is
264.00 4+ 50.00 —6.00 — 54.00 20.00 + 50.00 —6.00 + 74.00
9.00 + 17.00 67.00 + j47.00  7.00 + 57.00 25.00 + j21.00
Y =X H =
(k,0) = X (k, DH (k1) 18.00 + j0.00  —6.00 — j2.00  2.00 + j0.00 —6.00 + 52.00
9.00 — 517.00 25.00 —321.00 7.00 — 57.00 67.00 — 547.00

The IDFT of Y (k,1) is the correlation output in the spatial domain.

31 14
5 8
4 20

28 21

rhe(m,n) =

24

11
22
30
11

19
18
12
10



The correlation of h(m,n) and x(m,n) is the reversal of rp,(m,n) in the two directions.

(31 19 11 14 7
28 10 11 21
12 30 20
5 18 22 8

ren(m,n) =

The IDFT of X (k,1)X*(k,1) is the autocorrelation output of 2(m,n) in the spatial domain.

(56 38 26 38 ]
40 32 29 34
38 36 38 36
| 40 34 29 32

Tez(M,n) =

(ii) The DFT of z(m,n) is

15.00 4+ 50.00  0.00 + 37.00 —15.00 4+ 50.00  0.00 — 57.00

X (k1) =

—1.00 +j4.00  2.00 —j1.00 —1.00 +j2.00  0.00 + j3.00
—5.00 +j0.00 10.00 — 57.00  1.00 + j0.00 10.00 + j7.00

—1.00 —54.00 0.00 —53.00 —1.00 —32.00 2.00 + 51.00

The DFT of h(m,n) is

4.00 + 70.00 -3.00+41.00 —6.00+ 50.00 —3.00 — 51.00

H(k,1) =

4.00 +76.00 —-9.00 + j7.00  4.00 + 50.00 —3.00 — 51.00
0.00 + 70.00 7.00 + 53.00 2.00 + 70.00 7.00 — 73.00

4.00 — j6.00 —3.00471.00  4.00 + j0.00 —9.00 — 57.00

The pointwise product Y (k,l) = X (k,1)H (k,1) is

60.00 + 50.00  —7.00 — 3521.00 90.00 + 50.00
—28.00 +710.00 —11.00 + 523.00 —4.00 + 58.00
—0.00 +40.00  91.00 — 519.00 2.00 + 50.00
—28.00 — 510.00 3.00 4+ 79.00 —4.00 — 58.00

Y(k,l) = X(k,)H (k1) =

The IDFT of Y (k,1) is the convolution output in the spatial domain.

15 -4 —4 -6
-7 0 21 -4
25 10 2 -8

1 -3 22 0

y(ma n) =

The pointwise product Y (k,1) = X*(k,l)H(k,1) is

60.00 4+ j0.00  7.00 + j21.00  90.00 + 50.00
20.00 — j22.00 —25.00 4 j5.00 —4.00 — j8.00
—0.00 + j0.00  49.00 4+ j79.00  2.00 + j0.00
20.00 4+ j22.00 —3.00 — j9.00 —4.00 + j8.00

Y (k1) = X (k,1)H(k,1) =

The IDFT of Y (k,1) is the correlation output in the spatial domain.

15 —-11 8 13
6 10 20 -10
18 —-18 -3 8
2 1 9 -8

Tha(m,n) =

25

—7.00 4 j21.00
3.00 — 59.00
91.00 + j19.00
—11.00 — j23.00

7.00 — j21.00
—3.00 + 59.00
49.00 — §79.00

—925.00 — 55.00



The correlation of h(m,n) and x(m,n) is the reversal of rp,(m,n) in the two directions.

15
2
18
6

ren(m,n) =

13
-8
8

—10

8

9
-3
20

11

1
18
10

The IDFT of X (k,1)X*(k,1) is the autocorrelation output of 2(m,n) in the spatial domain.

99
14
50
14

Tex(m,n) =

(iii) The DFT of z(m,n) is

3
-1
0
-2

28.00 + 50.00 —3.00 + 511.00

X(k,1) =

3.00 + 55.00 2.00 + 58.00
6.00 4+ 50.00 —3.00 — 53.00

3.00 — 55.00 0.00 — 74.00

The DFT of h(m,n) is

18.00 4+ 70.00  3.00 + 55.00

H(k,1) =

8.00 + j2.00 —1.00 — 51.00
6.00 +j0.00  5.00 + §3.00

8.00 — j2.00 —3.00 + j5.00

The pointwise product Y (k,l) = X (k,1)H (k,l) is

6
39
4
39

3
-2
0
-1

—6.00 + j0.00 —3.00 — j11.00
—1.00+43.00  0.00 + j4.00

8.00 + j0.00  —3.00 + 53.00
~1.00 — §3.00  2.00 — j8.00

—8.00 + 50.00 3.00 — 55.00
4.00 + 74.00 —3.00 — 55.00
0.00 + 70.00 5.00 — 73.00
4.00 — 74.00 —1.00 + 51.00

504.00 + j0.00 —64.00 + 518.00

Y (k1) = X(k,)H (k1) =

14.00 + 746.00 6.00 — 710.00
36.00 + 70.00  —6.00 — 524.00

14.00 — j46.00 20.00 + 512.00

48.00 4+ j0.00 —64.00 — j18.00
~16.00 + j8.00  20.00 — j12.00

0.00 + j0.00  —6.00 + 524.00
—16.00 — j8.00  6.00 + 510.00

The IDFT of Y (k,1) is the convolution output in the spatial domain.

31
21
25
29

y(mv TL) =

The pointwise product Y (k,1) = X*(k,l)H(k,1) is

35
18
28
24

42
30
49
49

34
25
26
38

504.00 + j0.00  46.00 — 548.00

Y (k1) = X (k,1)H(k,1) =

34.00 — j34.00  —10.00 4 56.00
36.00 + j0.00  —24.00 + j6.00

34.00 + j34.00 —20.00 — j12.00

48.00 + j0.00  46.00 + y48.00
8.00 — 716.00 —20.00 + 512.00

0.00 + 70.00  —24.00 — 56.00
8.00 4+ 716.00  —10.00 — 56.00

The IDFT of Y (k,1) is the correlation output in the spatial domain.

41

The(m,n) =

40
34
32
32

43
32
25
15

28
23
23
16



The correlation of h(m,n) and x(m,n) is the reversal of rp,(m,n) in the two directions.

41 28 43 40
37 16 15 32
38 23 25 32
45 23 32 34

The IDFT of X (k,1)X*(k,l) is the autocorrelation output of z(m,n) in the spatial domain.

92 48 34 48
59 42 31 55
60 42 44 42
99 55 31 42

ren(m,n) =

Tee(m,n) =

3.7 Compute the DFT of the column vector z(m) = {1,1, —1, —1} and the row vector z(n) = {1,1,—1,—1}.
Using the separability theorem, verify that the product of the vectors in the time-domain and the 2-D IDFT
of the product of their individual DFTs are the same.

Solution
1 1 1 -1 -1
1 1 1 -1 -1
[1 1 -1 -1]=
~1 -1 -1 1 1
—1 -1 -1 1 1
X (k) =1{0,2—42,0,2+ 42} and X(I) = {0,2 — j2,0,2 + j2}.
0
2 — 52
X(k,1)=X(k)X(1) = . [0 2—352 0 2+j2 ]
2+ 52

0.00 + 50.00 0.00 + j0.00 0.00 + j0.00 0.00 4 50.00
0.00 + 50.00 0.00 — j8.00 0.00 + j0.00 8.00 + ;0.00
0.00 + 50.00 0.00 + j0.00 0.00 + j0.00 0.00 + ;0.00
0.00 + 50.00 8.00 + j0.00 0.00 + j0.00 0.00 4 ;8.00

The inverse 2-D DFT is x(m, n) = x(m)z(n).

3.8 Compute the DFT of the column vector z(m) = {0.2741,0.4519,0.2741} and the row vector z(n) =
{0.2741,0.4519,0.2741}. Using the separability theorem, verify that the product of the vectors in the time-
domain and the 2-D IDFT of the product of their individual DFT's are the same.

Solution

0.2741 0.0751 0.1238 0.0751

04519 | [ 02741 04519 0.2741 ] = | 01238 0.2042 0.1238

0.9741 0.0751 0.1238 0.0751

X (k) = {1, -0.4519,0.0963, j0.4519} and X (1) = {1, —50.4519, 0.0963, j0.4519}.
1
X(k,1) = X ()X (1) = —30-4519 [1 —j0.4519 0.0963 ;0.4519 ]

0.0963
j0.4519
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1.00 + 50.00
0.00 — j0.45
0.10 + j0.00
0.00 + 50.45

0.00 — j0.45
—0.20 — j0.00
0.00 — j0.04
0.20 + j0.00

The inverse 2-D DFT is x(m,n) = x(m)z(n).

3.9 Compute the DFT of the column vector z(m) = {0,1,0,—1} and the row vector z(n) = {1,0,—1,0}.
Using the separability theorem, verify that the product of the vectors in the time-domain and the 2-D IDFT

of the product of their individual DFTs are the same.

Solution

0.00 + j0.00
0.00 + j0.00
0.00 + j0.00
0.00 + j0.00

0.00 + j0.00
0.00 — j4.00
0.00 + j0.00
0.00 + j4.00

The inverse 2-D DFT is z(m,n) = z(m)x(n).

28

0.10 + j0.00
0.00 — j0.04
0.01 + j0.00
0.00 + j0.04

o O O O

0.00 + j0.00
0.00 + j0.00
0.00 + j0.00
0.00 + j0.00

0.00 + 50.45
0.20 + 50.00
0.00 + j0.04

—0.20 + 50.00

o O O O

—
o
[\
o
[\

P

0.00 + j0.00
0.00 — §4.00
0.00 + j0.00
0.00 + 54.00



Chapter 4
enhan t

4.1 Compute the linear convolution of z(n),n =0,1,..., and h(n),n =0,1,..., using the DFT and IDFT

and verify your answer by directly computing the convolution. Assume zero-padding at the ends.
(i) < ) = {2,1,3} and h(n) = {1,~2}.

(ii) (n) = {—1,3} and h(n) = {1,3,-2}.

(iii) z(n) = {4, -1} and h(n) = {-3,1, —2}.

(iv) z(n) = {-1,2,3} and h(n) = {-2,3}.

(v) z(n) = {2,4} and h(n) = {4,3,—-2}.

(i) Xz(k) ={6,—-1—j,4,—1+j} and Hz(k) = {-1,1+32,3,1 — j2}.
y(n) = idft(Xz(k)Hz(k) = {—6,1 — 53,12,1 + j3}) = {2,-3,1, -6}

(n) = z(n) x h(n) = {27 -3,1, _6}'

i) Xz(k) ={2,-1—43,-4,—1+ 33} and Hz(k) = {2,3 — j3,—4,3 + j3}.
y(n) = idft(Xz(k)Hz(k) = {4,-12 — j6,16,—12 + j6}) = {—1,0,11, -6}
(n) = z(n) * ( ):{_17()’117_6}'

(i) Xz(k) ={3,4+4,5,4—j} and Hz(k) = {—4,—-1—j1,6,—1 + j1}.

AQ@

y(n) = idft(Xz(k)Hz(k) = {—12,-3 — 43,30,—-3 + j3}) = {-12,7,-9,2}
y(n) = z(n) x h(n) = {-12,7,-9,2}.
(iv) Xz(k) ={4,—4—32,0,—4 + j2} and Hz(k) = {1,—-2 — j3,—5,—-2 + j3}.

y(n) = idft(Xz(k)Hz(k) = {4,2 + j16,0,2 — j16}) = {2,—-7,0,9}
y(n) ( ) ( ) = {27 _77079}'
(v) Xz(k) = {5,6 — j3,—1,6+ 3} and Hz(k) = {—4,—1 — j1,6,—1 + j1}.
(n) = idft(Xz(k)Hz(k) = {30,—3530,2,530}) = {8,22,8, -8}
y(n) = x(n) x h(n) = {8,22,8, —8}.
4.2 Compute the linear convolution of z(m,n), m,n =0,1,2 and h(m,n), m,n = 0,1 using the DFT and

<

IDFT and verify your answer by directly computing the convolution. Assume zero-padding at the borders.

(i)

1 2 3 9 1
x(m,n)=|2 -3 1 and h(m,n) = { 1 9 ]
1 2 1]

(i)

2 2 3] 9 1
z(m,n)=|2 -3 -1 and h(m,n) = [ 13 }
1 -2 1
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(iii)

1 -4 3 L
z(m,n)=| -2 3 1 and h(m,n):[_1 2}
1 -3 1
(iv)
r2 1 47 .
z(m,n)=|1 -3 2 and h(m,n) = 5 o
3 2 1| L /
(v)
101 1] S
x(m,n)= |2 -3 4 and h(m,n) = 1 _3
2 2 2| — :
(i)
10.00 + j0.00  —1.00 —j1.00  8.00 +50.00 —1.00 + j1.00
Xe(R) = | 2007000 L00—jLO00 200 76.00 500 j1.00
~ | 10.00+50.00 —3.00 — 57.00 —4.00 + j0.00 —3.00 + j7.00
2.00 +50.00 —5.00 +j1.00  2.00+6.00  1.00 + 51.00
4.00 +50.00  3.00 — 51.00 2.00 + j0.00 3.00 + 51.00
Ha(k)— | 1007300 0.0040.00 3.00+1.00 400 j2.00
| —2.0040.00 1.00+73.00 4.00+ j0.00 1.00 — 53.00
1.00 + j3.00 4.00 +52.00 3.00 — 51.00 0.00 + j0.00
40.00 +50.00  —4.00 — j2.00  16.00 +50.00  —4.00 + j2.00
. 2.00 — 56.00  0.00+j0.00 12.00 —j16.00 —22.00 + j6.00
— idft(X2(k)Hz(k) =
y(n) = idft(Xz(k) Hz(k) —20.00 +50.00 18.00 — §16.00 —16.00 + j0.00 18.00 + j16.00
2.00 + 56.00 —22.00 — j6.00 12.00+516.00  0.00 + j0.00
2 3 4 -3
s -4 12 05
T4 o4 5 1
1 4 5 2
(ii)
5.00+50.00  2.00 4+ j3.00 11.00+j0.00  2.00 — 53.00
Xe(k) = | TO0H+G200 2005700 —100—j4.00 —L00+ 7100
~ | 9.00450.00 —4.00 — §3.00  3.00 +j0.00 —4.00 + 53.00
7.00 — j2.00 —4.00 — j1.00 —1.00 + j4.00  2.00 + 57.00
1.00 + §0.00  —1.00 — j2.00 —3.00 +50.00 —1.00 + 52.00
He(k)— | ~300— 7400 —5.00470.00 —1.00+72.00 1.0 —j2.00
~7.00 +0.00  —3.00+ j4.00  1.00+50.00 —3.00 — 54.00
~3.00 + j4.00  1.00+ j2.00 —1.00 —;2.00 —5.00 + 50.00
5.00 + 50.00 4.00 — 57.00  —33.00 + j0.00 4.00 + 57.00
. ~13.00 — j34.00 —10.00 +535.00  9.00 +j2.00  —2.00 + 59.00
= idft(X2(k)Hz(k) =
y(n) = 1df6(Xz(k)H= (k) —63.00 +j0.00  24.00 — j7.00  3.00 +50.00  24.00 + §7.00
—13.00 + j34.00  —2.00—59.00  9.00 — j2.00 —10.00 — 535.00
4 -6 -8 -3
-2 12 1410
N 0 6 —10 —4
1 1 -5 3
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(iii)

1.00 + j0.00  —5.00 + j4.00  9.00 + 50.00 —5.00 — j4.00
Xe(h)— | 1007200 —5.00+ 7400 300+ 7400 100+ 200
| 23.004+50.00 1.00+10.00 17.00 4+ j0.00 1.00 — §10.00
1.00 +j2.00  1.00 —j2.00  3.00 — j4.00 —5.00 — j4.00
6.00 + 50.00  3.00 — §3.00 0.00 + j0.00 3.00 + 53.00
He(k) — | 5007100 200+70.00 3.00+73.00 6.0+ 200
~ | 4.00 4 j0.00 5.00+41.00 6.00+ j0.00 5.00 — 51.00
5.00 +51.00  6.00 — j2.00 3.00 — j3.00 2.00 + 50.00
6.00+50.00 —3.00 +727.00  0.00+j0.00 —3.00 — 527.00
. 3.00 — 511.00  —10.00 + j8.00 —3.00 +521.00  2.00 + j14.00
— idft(Xz(k)Hz(k) =
y(n) = 1df6(Xz(k)H2 (k) ~12.00 + §0.00  —5.00 +551.00 102.00 + j0.00 —5.00 — 551.00
3.00 +411.00  2.00 — j14.00 —3.00 — j21.00 —10.00 — 78.00
4 ~15 8 3
-9 16 -4 7
N 6 —18 6 3
15 -7 2
(iv)
13.00 + j0.00  —1.00 +j0.00 13.00 + 50.00 —1.00 + j0.00
Xe(k) = | 1007000 —100+ 200 3.00—j6.00 —7.00+0.00
~ | 13.00450.00  1.00 — §6.00  1.00+50.00  1.00 + 56.00
1.00 + j0.00  —7.00+j0.00  3.00 +56.00 —1.00 — j2.00
2.00 +j0.00  3.00 + 51.00 4.00 +j0.00  3.00 — 51.00
He() — | ~200— 7400 —100+7100 400+ 7000 3.00 - j5.00
| —6.00+50.00 —1.00+75.00 4.00+ j0.00 —1.00 — 55.00
~2.00 4+ j4.00  3.00 + §5.00 4.00 +50.00 —1.00 — §1.00
26.00 +j0.00  —3.00 — j1.00  52.00 +j0.00  —3.00 + j1.00
, 22,00 — j4.00  —1.00 —53.00 12.00 — j24.00 —21.00 + 535.00
— idft(X2(k)Hz(k) =
y(n) = idf(X=(k)H=(k) ~78.00+70.00  29.00 + j11.00  4.00 + 50.00  29.00 — j11.00
—2.00 +j4.00 —21.00 — §35.00 12.00 + j24.00  —1.00 + j3.00
2 -5 1 —12
s 0 21 2
|5 —11 =7 1
6 10 6 2
v)
12.00 + j0.00  —2.00 +j0.00 12.00 +50.00 —2.00 + j0.00
Xe() = | 3007300 30047300 ~1.00—j9.00 3.0 +71.00
T | 6.00+5000 2.00—356.00 —6.00+370.00  2.00+ j6.00
~3.00 4 73.00 —3.00 — 51.00 —1.00 +9.00  3.00 — 53.00
2.00 +50.00 4.00 + j2.00  6.00 + j0.00 4.00 — 52.00
Ha(h) = | L00+7200 6.00— 200 2007400 000+ 0.00
~ ] 6.00470.00 2.00 — j4.00 —2.00 + j0.00 2.00 + j4.00
4.00 —j2.00  0.00 +0.00  2.00 + j4.00 6.00 + 52.00
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24.00 + 70.00 —8.00 — 74.00 72.00 + 70.00 —8.00 + 54.00

, ~6.00 — j18.00  24.00 + j12.00 —38.00 — j14.00  —0.00 + j0.00
— idft(Xz(k)Hz(k) =
y(n) = idft(Xz(k) Hz(k) 36.00 4 j0.00 —20.00 — 20.00 12,00 1 j0.00 —20.00 + 72000 |’
~6.00+j18.00  —0.00 + j0.00 —38.00+j14.00  24.00 — 712.00

3 4 4 1
7 =9 7 1
8§ —1 21 -10
2 -4 -4 -6

4.3
Convolve z(m,n) and a 3 x 3 Gaussian lowpass filter with o = 1. Assume periodicity at the borders.

(i)

T2 1 3 40
142
mn) =11 1 5 9
13 2 —2 1|
(ii)
1 3 47
2 11 4
mn) =11 1 o _9
Lo 2 —2 1]
(ii)
r1 01 3 27
2 -1 2 2
mn) =1, 1 9 9
13 2 —2 3|

(i)

Zero-padding the row filter, we get
hz(m) = {0.4519,0.2741,0,0.2741}
The 1-D DFT of this filter is
H(k) = {1,0.4519,-0.0963,0.4519}
Both the row and column filters have the same coefficients. The 2-D DFT, X (k, 1), of x(m,n) is

22.00+30.00  0.00+j2.00  6.00+ 70.00  0.00 — 52.00
10.00 — j74.00 2.00 + 512.00 —6.00 — j4.00 —2.00 + 54.00
—2.00 4 70.00 —4.00+ 52.00  6.004+ j0.00 —4.00— 52.00
10.00 4- 74.00 —2.00 — 54.00 —6.00 + j4.00 2.00 — 512.00

The partial convolution output Y (m,l) = X (k,l)H(l) in the frequency domain is obtained by pointwise
multiplication of each column of X (k,1) by H(l).

22.00 +j0.00  0.00452.00  6.00 + j0.00  0.00 — j2.00
452 —3j1.81 090+ ;542 —2.71—j1.81 —0.90+ j1.81
0.19+j0.00  0.39—50.19 —0.58+50.00  0.39 + j0.19
452 +j1.81 —0.90 —j1.81 —2.71+j1.81  0.90 — j5.42
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The convolution output Y (k,1) = Y (m,l)H (k) in the frequency domain is obtained by pointwise multipli-

cation of each row of Y'(m,l) by H(k).

92.00 + j0.00  —0.00 4 50.90 —0.58 + j0.00
452 —j1.81 041+ 4245  0.26 + j0.17
0.19 4+ j0.00  0.17 —j0.09  0.06 + j0.00
452+ j1.81 —0.41—j0.82  0.26 — j0.17
The output is the 2-D IDFT of Y (k, ).
1.9736 1.6456 1.9301
) — | 10975 14243 19577
YU =10 7787 0.9896  0.7352
1.5058 1.1331 0.7326
(ii) The 2-D DFT, X (k,1), of x(m,n) is
17.00 + §0.00  2.00 + j3.00 —5.00 + 50.00
12.00 — 57.00  1.00 + j4.00 —6.00 — 53.00
~1.00 +j0.00 —4.00 — 51.00  9.00 + j0.00
12.00 + 57.00 —7.00 + j2.00 —6.00 + 53.00

—0.00 — j0.90
—0.41 + j0.82
0.17 + j0.09
0.41 — j2.45
2.2581
1.8762
0.7854
1.1766
2.00 — j3.00
—7.00 — 52.00
—4.00 + 51.00
1.00 — j4.00

The partial convolution output Y (m,l) = X (k,l)H(l) in the frequency domain is obtained by pointwise

multiplication of each column of X (k,1) by H(l).

17.00 + j0.00  2.00 + j3.00
542 —j3.16  0.45+ j1.81
0.10+50.00  0.39 + j0.10
542+ j3.16  —3.16 + j0.90

—5.00 4 50.00
—2.71 — j1.36
—0.87 + 50.00
—2.71 4 j1.36

2.00 — §3.00
—3.16 — j0.90
0.39 — j0.10
0.45 — j1.81

The convolution output Y (k,1) = Y (m,l)H (k) in the frequency domain is obtained by pointwise multipli-

cation of each row of Y'(m,l) by H (k).

17.00 + 50.00 0.90 4 51.36 0.48 + 50.00
542 —j3.16  0.20 +50.82 0.26+ j0.13
0.10+50.00  0.17 4+ j0.04 0.08 + j0.00
542+ 5316 —1.43+j0.41 0.26 — j0.13
The output is the 2-D IDFT of Y (k, ).
1.7958 1.3504 1.8327
(m,n) = 1.5006 1.0751 1.4203
VU= 10,6812 0.3663 01055
0.8445 0.6601 0.5600
(iii) The 2-D DFT, X (k,1), of 2(m,n) is
17.00 + j0.00  9.00 +j4.00  5.00 + 50.00
4.00 4+ 35.00 —2.00 4 73.00 —8.00 — 73.00
3.00 +50.00 —9.00 — 54.00 15.00 + 50.00
4.00 — 55.00 —6.00+ 71.00 —8.00 4 73.00

0.90 — j1.36
—1.43 — j0.41
0.17 — j0.04
0.20 — j0.82
2.0064
1.8115
0.4098
0.5797
9.00 — j4.00
—6.00 — 1.00
—9.00 + j4.00
—2.00 — 53.00

The partial convolution output Y (m,l) = X (k,I)H(l) in the frequency domain is obtained by pointwise

multiplication of each column of X (k,1) by H(l).

17.00 + j0.00  9.00 + j4.00
1.81 4 j2.26  —0.90 + j1.36
—0.29 + j0.00  0.87 + 50.39
1.81 — j2.26 —2.71 + j0.45

5.00 + j0.00
—3.61 — j1.36
—1.44 + j0.00
—3.61 + j1.36
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—2.71 — j0.45
0.87 — j0.39
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The convolution output Y (k,1) = Y (m,l)H (k) in the frequency domain is obtained by pointwise multipli-
cation of each row of Y'(m,l) by H(k).

17.00 +j0.00  4.07+j1.81 —0.48 +j0.00  4.07 — j1.81
1.81 4 52.26 —0.41+j0.61  0.35+3j0.13 —1.23 — 50.20
—~0.29 4 j0.00  0.39 +j0.17  0.14+350.00  0.39 — j0.17
1.81 —j2.26 —1.23+450.20  0.35—j0.13 —0.41 — j0.61

The output is the 2-D IDFT of Y (k,1).

1.6456 0.8985  0.9394 1.5980
1.1514 0.5470  0.3347 1.1595
1.5151 0.7378 —0.0078 1.0290
1.8510 1.2833  0.8301 1.4875

y(m7 ’I’L) =

4.4
Convolve xz(m,n) and a 3 x 3 averaging lowpass filter. Assume periodicity at the borders.

(i)

1 -1 3 41
o2 -4 2
mn)=11 1 3 9
1 -2 -2 1|
(ii)
103 -3 47
2 0 1 4
mn) =117 1 o .9
L0 2 3|
(i)
T2 0 3 —217
2 c1o2 2
mn) =1, 1 3 9
1 0 -2 3|

i
Zer(()—)padding the row filter, we get
hz(m) ={1,1,0,1}
The 1-D DFT of this filter is
H(k) = {3,1,-1,1}
Both the row and column filters have the same coefficients. The 2-D DFT, X (k,1), of z(m,n) is

7.00 + 50.00 4.00 + 57.00 1.00 + 50.00 4.00 — 57.00
6.00 —53.00 —3.00+ j74.00 —6.00+ 57.00 3.00 — 58.00
9.00 4+ 50.00 —12.00+ 471.00 15.00+ 50.00 —12.00 — 51.00
6.00 + 73.00 3.00 +78.00 —6.00 —47.00 —3.00 — 54.00

The partial convolution output Y (m,l) = X (k,l)H(l) in the frequency domain is obtained by pointwise
multiplication of each column of X (k,1) by H(l).

21.00 + j0.00 12.00 + j21.00  3.00 + j0.00 12.00 — j21.00
6.00 — j3.00 —3.00+4.00 —6.00+j7.00  3.00 — j8.00
—9.00 + j0.00  12.00 —51.00 —15.00 +j0.00  12.00 + j1.00
6.00+53.00  3.004j8.00 —6.00—;7.00 —3.00— 54.00
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The convolution output Y (k,1) = Y (m,l)H (k) in the frequency domain is obtained by pointwise multipli-

cation of each row of Y'(m,l) by H(k).

63.00 + 50.00
18.00 — 59.00
—27.00 + 50.00
18.00 + j9.00

12.00 + j21.00
—3.00 + j4.00
12.00 — §1.00
3.00 + j8.00

The output is the 2-D IDFT of Y (k,1).

9y(m,n) =

N W g ©

(ii)
The 2-D DFT, X (k,l), of x(m,n) is

13.00 + j0.00
7.00 — §4.00
—7.00 + j0.00
7.00 + 54.00

8.00 + j5.00
6.00 + j3.00
2.00 — §5.00
0.00 + 51.00

The partial convolution output Y (m,l) =
multiplication of each column of X (k,l) by H(l).

39.00 + 50.00  24.00 + j15.00

7.00 — j4.00  6.00 + j3.00
7.00 + j0.00  —2.00 + j5.00
7.00 + j4.00  0.00 + j1.00

—3.00 + j0.00
6.00 — 57.00
15.00 + j0.00
6.00 + 57.00

-3 1
3 3 10

—13.00 + j0.00
~13.00 — j6.00

3.00 + j0.00
—13.00 + j6.00

—39.00 + j0.00
~13.00 — j6.00

—3.00 + 50.00
—13.00 + j6.00

12.00 — §21.00
3.00 — j8.00
12.00 + j1.00
—3.00 — j4.00

8.00 — j5.00
0.00 — j1.00
2.00 + 55.00
6.00 — §3.00

X (k,1)H(l) in the frequency domain is obtained by pointwise

24.00 — §15.00
0.00 — 51.00
~2.00 — j5.00
6.00 — j3.00

The convolution output Y (k,l) = Y (m,l)H (k) in the frequency domain is obtained by pointwise multipli-
cation of each row of Y (m,l) by H (k).
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117.00 + j0.00 24.00 + j15.00 39.00 + j0.00 24.00 — j15.00
21.00 — j12.00 6.00 4+ 73.00 13.00 + 56.00 0.00 — 51.00
21.00 + 70.00 —2.00+55.00  3.00 4 j0.00 —2.00 — 55.00
21.00 + 512.00 0.00+41.00 13.00 — 56.00 6.00 — 53.00
The output is the 2-D IDFT of Y (k, ).
19 4 12 10
12 4 6 8
1 1 4 2
(iii) The 2-D DFT, X (k,l), of z(m,n) is
14.00 + j0.00  3.00+ 43.00 16.00 + j0.00  3.00 — j3.00
—1.00 — 53.00 —2.00+ 352.00 —3.00—57.00 —2.00+4 3j4.00
0.00 4+ 50.00 —3.00—59.00 18.00+ j0.00 —3.00+ j9.00
~1.00 4 j3.00 —2.00 — j4.00 —3.00 + j7.00 —2.00 — 52.00



The partial convolution output Y (m,l) = X (k,l)H(l) in the frequency domain is obtained by pointwise

multiplication of each column of X (k,1) by H(l).

42.00 + j0.00 9.00 +59.00  48.00 + j0.00  9.00 — j9.00
—1.00 — §3.00 —2.00 4+ j2.00 —3.00 — j7.00 —2.00 + 54.00
—0.00 + j0.00 3.00 + j9.00 — 18.00 + j0.00  3.00 — j9.00

—1.00 + 53.00 —2.00 — j4.00 —3.00 + j7.00 —2.00 — 52.00

The convolution output Y (k,1) = Y (m,l)H (k) in the frequency domain is obtained by pointwise multipli-
cation of each row of Y (m,1) by H(k).

126.00 + 70.00  9.00 + j9.00 —48.00+ 50.00  9.00 — 59.00
—3.00 —79.00 —2.00+ 352.00 3.00 4 57.00 —2.00 + 54.00
—0.00 4 70.00  3.00 + 79.00 18.00 4+ 50.00  3.00 — 79.00
—3.00479.00 —2.00 — 54.00 3.00 —57.00 —2.00 — 52.00

The output is the 2-D IDFT of Y (k,1).

707 5 11
4 14 4 14
Wmnm=1g g 4 13
5 10 2 10

4.5
Convolve z(m,n) and a 3 x 3 Laplacian enhancement filter. Assume periodicity at the borders.

& BN BN |
S 0 & =
[N
—= W = =

[ R N
S O = N
N W O ot
I

(iii)

= O kN

O = O W
~

= W = =

(i) The 2-D DFT, X (k,1), of z(m,n) is

56.00 + j0.00 1.00 —513.00  6.00 + j0.00 1.00 + j13.00
5.00—55.00  2.00+42.00  11.00 +53.00 10.00 + j4.00
14.00 + j0.00 —5.00 — §9.00 —12.00 4+ j0.00 —5.00 + §9.00
5.00 + 75.00 10.00 — j4.00  11.00 — j3.00  2.00 — j2.00
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The 2-D DFT of the shifted and zero-padded filter H(k,1) is

1.00 + j0.00
3.00 + j0.00
5.00 + j0.00
3.00 + 50.00

3.00 + j0.00  5.00 + §0.00
5.00 + j0.00 7.00 + §0.00
7.00 + §0.00 9.00 + §0.00
5.00 + j0.00 7.00 + j0.00

3.00 + j0.00
5.00 + j0.00
7.00 + j0.00
5.00 + j0.00

The convolution output Y (k,1) = X (k,l)H(k,l) in the frequency domain is obtained by pointwise multipli-
cation of each row of X (k,1) by H(k,1).

96.00 + 50.00 3.00 — 739.00 30.00 + 50.00 3.00 + 539.00
15.00 — 515.00 10.00 + 710.00 77.00 + 521.00 50.00 + 520.00
70.00 4+ 50.00 —35.00 — j63.00 —108.00 + 50.00 —35.00 + 563.00
15.00 4 515.00 50.00 — 720.00 77.00 — 721.00 10.00 — 510.00
The output is the 2-D IDFT of Y (k,1).
18 19 11 -9
N L
PII=1 90 32 3 9
17 -22 0 —6
(ii) The 2-D DFT, X (k,1), of z(m,n) is
32.00 4 70.00 0.00 + 76.00 8.00 + 50.00 0.00 — 56.00
3.00 4+ 55.00  —5.00 — 55.00 3.00 + 51.00 3.00 + 73.00
—2.00 +70.00 —14.00 —352.00 —2.00+ 50.00 —14.00+ 52.00
3.00 — 55.00 3.00 — 33.00 3.00 - 51.00 —5.00 + 55.00
The 2-D DFT of the shifted and zero-padded filter H(k,1) is
1.00 4+ 70.00 3.00 + 50.00 5.00 + 50.00 3.00 4+ 70.00
3.00 + 50.00 5.00+ 350.00 7.004 70.00 5.00+ 50.00
5.00 + 70.00  7.00 4+ 50.00 9.00 4+ j0.00 7.00 - j0.00
3.00 + j0.00  5.00 4+ 50.00 7.00 4+ j0.00 5.00 -+ j0.00

The convolution output Y (k,1) = X (k,1)H(k,l) in the frequency domain is obtained by pointwise multipli-
cation of each row of X (k,1) by H(k,1).

32.00 + 70.00 0.00 + 518.00 40.00 4 70.00 0.00 — 518.00
9.00 4+ 515.00 —25.00 — 525.00 21.00 + 57.00 15.00 4 515.00
—10.00 + 70.00 —98.00 — 514.00 —18.00+ 50.00 —98.00+ 514.00
9.00 — 515.00 15.00 — 515.00 21.00 — 57.00 —25.00 + 725.00
The output is the 2-D IDFT of Y (k,1).
-7 3 20 —6
oy | 17 -1 10 -3
I =1 19 4 10 71
20 -9 -2 9
(iii) The 2-D DFT, X (k,1), of z(m,n) is
19.00 4 50.00 11.00 4+ 52.00 —1.00 + 70.00 11.00 — 52.00
—1.00 + 52.00 5.00 — 56.00 —1.00+ 52.00 5.00 4 52.00
11.00 + 50.00 —17.00 — 52.00 —1.00+ 50.00 —17.00+ 52.00
—1.00 — 52.00 5.00 — 52.00 —1.00 — 52.00 5.00 4 56.00
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The 2-D DFT of the shifted and zero-padded filter H(k,1) is

1.00 + j0.00  3.00 + j0.00 5.00 4 j0.00 3.00 -+ 50.00
3.00 4 50.00 5.00 + j0.00 7.00 + j0.00 5.00 4 ;0.00
5.00 4+ j0.00 7.00 + j0.00 9.00 + j0.00 7.00 4 j0.00
3.00 4+ 50.00 5.00 + j0.00 7.00 + j0.00 5.00 4 j0.00

The convolution output Y (k,1) = X (k,1)H(k,l) in the frequency domain is obtained by pointwise multipli-
cation of each row of X (k,l) by H(k,l).

19.00 + 50.00 33.00 + 56.00  —5.00 + 50.00 33.00 — 56.00
—3.00 + j6.00 25.00 — 730.00 —7.00 4 514.00 25.00 + 510.00
55.00 + 50.00 —119.00 — 514.00 —9.00 + 50.00 —119.00 + 514.00
—3.00 — 56.00 25.00 — 510.00 —7.00 — 514.00 25.00 + 530.00

The output is the 2-D IDFT of Y (k,1).

2 12 7 0
17 —4 —26 1
ymn) =115 1 99 g
17 -6 —16 —1

4.6 Let a 2-D lowpass ideal filter H(k,[) is defined between the limits —4,—3,—2,—1,0,1,2,3 in both the

directions. Find the filter coefficients for a given cutoff radius r such that H(k,l) = 1 for inside the circle
defined by r and zero elsewhere.
(i)r=1

O O O O O O o o
O O O O O o oo
O OO O O O oo
O O O O O O o o
o OO = O o o o
O O OO O o o o
O OO O O O oo
O O O O O O o o

Xz

&=

~

S—

Il
O OO o oo oo
O O O O o o o o
O O OO OO o oo
OO Rk Bk O OO
OO R R Pk O OO
O O R = = O oo
O O OO O O o oo
O OO O o o oo
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(iii)

00 0O0O0O0OTO0OTO

00 0 O0O0O0OTO0OTO O

0011111
0 0111

0011

11
1 11

1
1

1
1 10

1
000 O0O0O0OTO0OTF O

00 11

00 11

H{(k,1)

r=1
r=2

directions. Find the filter coefficients for a given cutoff radius r such that H(k,l) = 1 for outside the circle
r=3

4.7 Let a 2-D highpass ideal filter H(k, 1) is defined between the limits —4, —3,—2,—1,0, 1,2, 3 in both the

defined by r and zero elsewhere.

i)
i)
i)
i)

(
(
(
(

— o o o — o o o — o O
i T e i e R — = = O = — O O O O O
— = = = O = — — O O O - — O O O O O -
— - O O O - — — O O O O O S O O O o o o
— = o~ O o~ - - - O O O - o O O o O
i T e i e R — = = O = — O O O O O
— = = = = o — = = = - — = = O
— o o o — = = = = — = = o o
L 1
I I Il
= = =
=1 =1 =

(i)

(iii)
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Chapter 5

resto

5.1 A signal with with power spectral density

|X (k)|* = {64,0,0,0,0,0,0,0}
has been blurred by a process with finite impulse response
{hq(0) = 0.5, h4(1) = 0.5}
and corrupted by an additive Gaussian noise with power spectral density
{0.0002,0.0071,0.0273,0.0121, 0.0220, 0.0121,0.0273,0.0071 }
The samples of the degraded signal are
y(n) = {0.9898,0.9759, 1.0319, 1.0313, 0.9135,0.9970, 0.9835, 1.0628 }
Restore the true signal using the Wiener filter.
(i)
The DFT of hg(n)
Hy(k) ={1,0.8536 — j0.3536, 0.5 — j0.5,0.1464 — j0.3536, 0, 0.1464 + j0.3536,0.5 + 50.5,0.8536 + j0.3536}
Its power spectrum is
|Hy(k)|* = Hy(k)H} (k) = {1,0.8536,0.5000,0.1464, 0, 0.1464, 0.5000, 0.8536 }

The conjugate of Hy(k), H}(k), is obtained by changing the sign of the imaginary part of the values of
H,(k). With all the required quantities available, the DFT of the Wiener filter H,. (k) is found to be

H.(k)={1,0,0,0,0,0,0,0}
The product H,.(k)Y (k) yields the DFT of the restored signal.
H,.(k)Y (k) ={7.9856,0,0,0,0,0,0,0}
The IDFT of these values yields the restored signal
#(n) = {0.9982,0.9982, 0.9982, 0.9982, 0.9982, 0.9982, 0.9982, 0.9982}

5.2 A signal with with power spectral density
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|X (k)|? = {0,16,0,0,0,0,0,16}
has been blurred by a process with finite impulse response
{ha(0) = 0.5,hq(1) = 0.5}
and corrupted by an additive Gaussian noise with power spectral density
{0.0119, 0.0058, 0.0807,0.0107,0.1725,0.0107,0.0807, 0.0058}

The samples of the degraded signal are

y(n) = {—0.4305,0.3907,0.8310,0.9653, 0.2446, —0.3503, —0.7983, —0.7435}
Restore the true signal using the Wiener filter.
(i)
The DFT of hg(n)
Hy(k) ={1,0.8536 — j0.3536,0.5 — j0.5,0.1464 — 50.3536,0,0.1464 + 50.3536, 0.5 + j0.5,0.8536 + j0.3536}
Its power spectrum is

|Hy(k)|* = Hy(k)H} (k) = {1,0.8536,0.5000,0.1464, 0, 0.1464,0.5000, 0.8536 }

The conjugate of Hy(k), H}(k), is obtained by changing the sign of the imaginary part of the values of
Hg(k). With all the required quantities available, the DFT of the Wiener filter H, (k) is found to be

H,.(k) = {0,0.9996 + j0.4140,0,0,0,0,0,0.9996 — j0.4140}
The product H,.(k)Y (k) yields the DFT of the restored signal.
H,.(k)Y (k) ={0,0.0329 — 43.9230,0,0,0,0,0,0.0329 + j3.9230}
The IDFT of these values yields the restored signal
Z(n) = {0.0082,0.6993, 0.9808, 0.6877, —0.0082, —0.6993, —0.9808, —0.6877}
5.3 A signal with with power spectral density
|X (k)]* = {0,0,16,0,0,0,0,16,0}
has been blurred by a process with finite impulse response
{ha(0) = 0.5, hq(1) = 0.5}
and corrupted by an additive Gaussian noise with power spectral density
{0.0067,0.1671,0.1262,0.1311,0.1654,0.1311,0.1262,0.1671}
The samples of the degraded signal are
y(n) = {0.6544,0.5086, —0.6492, —0.5742, 0.3938, 0.7350, —0.5616, —0.4252}
Restore the true signal using the Wiener filter.
(iii)
The DFT of hq(n)

Hy(k) ={1,0.8536 — j0.3536, 0.5 — j0.5,0.1464 — j0.3536, 0, 0.1464 + j0.3536,0.5 + 50.5,0.8536 + j0.3536}
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Its power spectrum is
\Hd(k)|2 = Hy(k)H} (k) = {1,0.8536,0.5000, 0.1464, 0, 0.1464, 0.5000, 0.8536 }

The conjugate of Hy(k), H}(k), is obtained by changing the sign of the imaginary part of the values of
H,(k). With all the required quantities available, the DFT of the Wiener filter H,.(k) is found to be

H,.(k) = {0,0,0.9845 + j0.9845,0,0,0,0.9845 — j0.9845,0}
The product H,.(k)Y (k) yields the DFT of the restored signal.
H,.(k)Y (k) ={0,0,4.4322 + j0.0157,0,0,0,4.4322 — j0.0157,0}
The IDFT of these values yields the restored signal
#(n) = {1.1080, —0.0039, —1.1080, 0.0039, 1.1080, —0.0039, —1.1080, 0.0039}
5.4 A signal with with power spectral density
|X (k)|? = {0,0,0,16,0,16,0,0}
has been blurred by a process with finite impulse response
{hq(0) = 0.5, h4(1) = 0.5}
and corrupted by an additive Gaussian noise with power spectral density
{0.0772,0.0694, 0.0930, 0.0001, 0.0545, 0.0001, 0.0930, 0.0694 }
The samples of the degraded signal are
y(n) = {0.1272,0.2353, —0.4300, 0.2133, —0.2887, —0.0976, 0.3358, —0.3732}
Restore the true signal using the Wiener filter.
(iv)
The DFT of hg(n)
Hy(k) ={1,0.8536 — j0.3536, 0.5 — j0.5,0.1464 — j0.3536, 0, 0.1464 + j0.3536,0.5 + 50.5,0.8536 + j0.3536}
Its power spectrum is
|Ha(k)|? = Ha(k)H; (k) = {1,0.8536,0.5000, 0.1464, 0, 0.1464, 0.5000, 0.8536 }

The conjugate of Hy(k), H}(k), is obtained by changing the sign of the imaginary part of the values of
H,(k). With all the required quantities available, the DFT of the Wiener filter H,. (k) is found to be

H,(k) = {0,0,0,1.0000 + j2.4141,0,1.0000 — j2.4141,0,0}
The product H,.(k)Y (k) yields the DFT of the restored signal.
H, (k)Y (k) = {0,0,0,4.0135 + j0.0209,0,4.0135 — j0.0209, 0,0}
The IDFT of these values yields the restored signal

#(n) = {1.0034, —0.7132,0.0052, 0.7058, —1.0034, 0.7132, —0.0052, —0.7058}
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5.5 A signal with with power spectral density
|X (k)|? = {0,0,16,0,0,0,16,0}
has been blurred by a process with finite impulse response
{h4(0) = 0.5, hq(1) = 0.5}
and corrupted by an additive Gaussian noise with power spectral density
{0.1584,0.0055, 0.0030, 0.1719, 0.0047, 0.1719, 0.0030, 0.0055 }
The samples of the degraded signal are
y(n) = {—0.3581,0.5292,0.5198, —0.3412, —0.5804, 0.5697, 0.5835, —0.5244}

Restore the true signal using the Wiener filter.
The DFT of hy(n)

Hy(k) = {1,0.8536 — j0.3536,0.5 — j0.5,0.1464 — j0.3536, 0, 0.1464 + j0.3536,0.5 + j0.5,0.8536 + j0.3536}
Its power spectrum is
\Hd(k)|2 = Hy(k)H; (k) = {1,0.8536,0.5000, 0.1464, 0, 0.1464, 0.5000, 0.8536 }

The conjugate of Hy(k), H}(k), is obtained by changing the sign of the imaginary part of the values of
Hg(k). With all the required quantities available, the DFT of the Wiener filter H,. (k) is found to be

H,(k) = {0,0,0.9996 + 0.9996, 0, 0,0, 0.9996 — j0.9996, 0}
The product H,.(k)Y (k) yields the DFT of the restored signal.
H, (k)Y (k) = {0,0,—0.0774 — j4.0047,0,0,0, —0.0774 + j4.0047,0}
The IDFT of these values yields the restored signal

#(n) = {—0.0193,1.0012,0.0193, —1.0012, —0.0193,1.0012, 0.0193, —1.0012}
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Chapter 6
regist

6.1 Using nearest-neighbor interpolation, find the 7 x 7 interpolated version of the image x(m,n).

(i)

[ 43 50 50 52 7
45 49 51 50
46 46 49 48
43 44 47 42

(i)

[ 68 80 83 78 ]
39 54 61 66
41 44 44 67
55 46 34 66

(iii)
(63 64 64 64 ]
62 62 62 61
61 61 61 58
62 61 60 58

43 50 50 50 50 52 52
45 49 49 51 51 50 50
45 49 49 51 51 50 50
46 46 46 49 49 48 48
46 46 46 49 49 48 48
43 44 44 47 AT 42 42
43 44 44 47 AT 42 42
(i)
68 80 80 83 83 78 T8
39 54 54 61 61 66 66
39 54 54 61 61 66 66
41 44 44 44 44 67 67
41 44 44 44 44 67 67
55 46 46 34 34 66 66
55 46 46 34 34 66 66
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(iii)

63 64 64 64 64 64 64
62 62 62 62 62 61 61
62 62 62 62 62 61 61
61 61 61 61 61 58 58
61 61 61 61 61 58 58
62 61 61 60 60 58 58
62 61 61 60 60 58 58

6.2 Using bilinear interpolation, find the 7 x 7 interpolated version of the image z(m,n).

(i)

[ 34 51 56 53 7]
38 53 57 54
40 52 56 52
39 48 52 49

(i)

[ 53 42 39 58 7]
51 46 44 49
54 52 58 46
63 57 63 52

(iii)
82 84 86 97
80 80 85 103
79 77 90 114
80 84 102 118

34.00 42.50 51.00 53.50 56.00 54.50 53.00
36.00 44.00 52.00 54.25 56.50 55.00 53.50
38.00 45.50 53.00 55.00 57.00 55.50 54.00
39.00 45.75 52.50 54.50 56.50 54.75 53.00
40.00 46.00 52.00 54.00 56.00 54.00 52.00
39.50 44.75 50.00 52.00 54.00 52.25 50.50
39.00 43.50 48.00 50.00 52.00 50.50 49.00

53.00 47.50 42.00 40.50 39.00 48.50 58.00
52.00 48.00 44.00 42.75 41.50 47.50 53.50
51.00 48.50 46.00 45.00 44.00 46.50 49.00
52.50 50.75 49.00 50.00 51.00 49.25 47.50
54.00 53.00 52.00 55.00 58.00 52.00 46.00
58.50 56.50 54.50 57.50 60.50 54.75 49.00
63.00 60.00 57.00 60.00 63.00 57.50 52.00

(iii)

82.00 83.00 84.00 85.00 86.00 91.50  97.00
81.00 81.50 82.00 83.75 85.50 92.75 100.00
80.00 80.00 80.00 82.50 85.00 94.00 103.00
79.50 79.00 7850 83.00 87.50 98.00 108.50
79.00 78.00 77.00 83.50 90.00 102.00 114.00
79.50 80.00 80.50 88.25 96.00 106.00 116.00
80.00 82.00 84.00 93.00 102.00 110.00 118.00
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6.3 Using nearest-neighbor interpolation, find the scaled version of the image x(m,n).

(i) a=0.5,e=0.75
52 61 57 66
58 64 69 64
45 60 74 61
56 63 74 63
(i) a = —0.5, e = —0.5
71 56 47 92
66 51 47 108
64 55 70 122
73 57 81 127
(i) @ = 0.75, e = 0.25
48 53 46 62
54 54 54 80
64 53 59 78
57 46 56 55

52 61 66
45 60 61

(i)

127 57
108 51

(iii)
48
54
57

6.4 Using nearest-neighbor interpolation, find the sheared version of the image z(m,n).

() b=0,d=1
(17 20 26 25 ]
18 23 30 24
17 24 32 27
20 28 30 32 |
(i) b=0,d=0.5
63 49 51 54 ]
66 60 52 56
57 62 62 57
57 56 64 61 |

(i) b=10,d =0.3
179 178 179 184
177 178 179 189
176 177 180 193
174 175 184 190

17 20 26 25 0 O O
18 23 30 24 0 O
0 17 24 32 27 O
0 0 20 28 30 32

o O O
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63 49 51 54 0

0 60 52 56 0

0 57 62 62 57

0 0 56 64 61

(iii)

179 178 179 184 0
177 178 179 189 0
0 176 177 180 193
0 174 175 184 190

6.5 Using nearest-neighbor interpolation, find the sheared version of the image x(m,n).
i)b=1,d=0

41 36 123 151

27 10 79 136

17 17 33 91

17 30 17 70

(i) b=0.7,d =0
172 157 115 62
163 165 118 83
138 185 128 71
121 184 126 83
(iii) b= 0.3, d =0
95 111 48 32
96 115 59 26
89 90 37 24
8 73 15 21

(i) ) )
a0 0 0
27 36 0 0
17 10 123 0
17 17 79 151

30 33 136

o O O
(an]
=
\]
Nej
—

[ 172 0 0 0
163 157 115 0
138 165 118 62
121 185 128 83

0 184 126 71

(iii)
95 111 0 0
96 115 48 32
89 90 59 26
86 73 37 24
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6.6 Using nearest-neighbor interpolation, find the rotated version of the image 2:(m,n) in the counterclock-

wise direction. 8 = 90°, # = 180° and 6 = 45°.
(i)
95 47 65 55
74 60 60 47
105 103 67 46
103 78 67 58

74 81 67 75T
T 7T 7T 83
58 69 69 80
46 61 69 82
(iid)
66 7T 79 64T
56 68 61 69
43 51 49 66
| 39 45 43 55
(i)
55 47 46 5% 58 67 78 103 8 42 22 42 8
65 60 67 67 46 67 103 105 95 60 103 67 58
47 60 103 78 47T 60 60 T4 0 105 103 78 0
95 74 105 103 55 65 47 95 o 0 103 0 0
(i) : '
75 83 80 82 82 69 61 46 8 8? ;i 88 8
67 77 69 69 806969 58 47T 69 69 82
81 77 69 61 83 77 7T TT 0 58 60 61 O
T4 TT 58 46 oo st ol | e o o
(iid) ) _
61 60 66 557 [543 45 a0 | 0 00 0
79 61 49 43 66 49 51 43 66 63 51 49 55
77 68 51 45 69 61 68 56 0 43 51 45 0
66 56 43 39 64 10 6] | o Ty g o o

6.7 Find the cross-correlation and the correlation coefficients of z(m,n) and h(m,n).

11 1
himn)=13 1 0
12 1
(i)
2 1 3 2
1321 0
wmn) =11 5 1 9
1 30 2
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(iii)

10
10
11

[l ~ NGV GV NV

- =
W W N N ot

(iil)

— N = WO =
N Ol J © W

15
23
18
10

15
11
12

8
10
15
14

9

2

10
19
15
14

10
16
13
10

8
13
18
13

8

3

12
13
10

10
13
12

3
10
11
10

)

2

N CO 0 &= O N

10
10

N OO 0O DN O O

z(m,n)

xz(m,n)

[ —0.1000
—0.4128
—0.5814
—0.3124
—0.4914

| —0.1000

[ —0.1000
—0.5500
—0.1315
—0.4914
—0.4914

| —0.1000

[ —0.1000
—0.5500
—0.1414
—0.5657
—0.3536

| —0.1000

6.8 Find the autocorrelation of z(m,n).

(i)

x(m,n)

z(m,n)

I
N
N = N =

L =N
=N NN

0.2828
0.0286
—0.4727
—0.4491
—0.6252
—0.1315

0.3124
—0.3130
—0.3953
—0.2800
—0.6424
—0.1414

0.0707
—0.5292
—0.3000
—0.4490
—0.4041
—0.1512

=N DN
_ O = =

_= = O W
NN W

49

O == =
N NN

O = =W
NN OO

—0.0447
0.0408
0.6200
0.1315
0.0316

—0.1315

—0.0164
0.7431
—0.4400
0.2121
0.1414
—0.1414

0.0894
—0.1342
—0.3591

0.3411

0.0800
—0.1512

S = = W
NN O N

O = = =
N O N DN

0.2236
—0.1342
0.3213
—0.1315
0.2286
—0.1474

0.0229
—0.1732
0.0316
—0.5965
0.0359
—0.1512

0.2507
0.4143
0.3124
—0.0800
—0.2874
—0.1414

0.1180
0.6261
0.2683
0.4619
—0.1890
—0.1000

0.2828
0.4619
0.3464
0.3592
—0.1890
—0.1000

—0.1000
0.7562
0.3355
0.4619

—0.1890

—0.1000

—0.1000
0.8000
—0.1512
0.5292
0.5292
—0.1000

—0.1000
0.5292
0.4000
0.4000
0.5292

—0.1000

—0.1000
0.5292
0.5292

—0.1000




(iii)
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Chapter 7

Image Reconstruction from
Projections

7.1. Find the equation of the straight line, in the normal form, located at a distance s from the origin and
the perpendicular to it makes an angle of # degrees with the z-axis.

(i) s=3, 0 =0°.

(i) s = 1, 6 = 45°.

(iii) s = 2, 8 = —60°.

(iv) s =5, 6 = 315°.

(v) s=0, 6 =30°.

(i)

2 cos(0°) 4+ ysin(0°) = 3, xr=3
(i)
x cos(45°) 4+ ysin(45°) =1 2 LY
’ V2 V2
(i)
3
x cos(—60°) + ysin(—60°) = 2, g - 9 =2
(iv)
xcos(315°) 4+ ysin(315°) =5 T _ Y _5
’ V2 V2
(v)
3 .
x cos(30°) 4+ ysin(30°) = 0, % + % =0

7.2. Find the Radon transform of a circular cylinder with radius 6 and height 3 located at the origin.

The cylinder is characterized by
3 for 2 +y? <62
flay) = .
0 otherwise

R(s,0) = 61/62 — 52
From the transform obtained, and using Radon transform properties, find the Radan transform of
(i)
3 for x2 + 4% < 32
0 otherwise

f(x,y)={
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R(s,0) =632 — 2

3 for (z—1)2+ (y—2)? <62
0 otherwise

f(x,y)={

R(s,0) = 61/62 — (s — cos(f) — 2sin(6))2

(i)
3 for (3z)% + (3y)? < 62
0 otherwise

f(l‘vy) = {
%R(Ss,@) 20/~ (35)2

7.3 Find the Radon transform of the shifted and scaled impulse:
(i) 6(z,y)

(ii) 6(x — 4,y — 4)

s = V/32cos(45 — 0)
(iii) 6(z — 4,y +4)

s = V/32cos(—45 — )
(iv) 0(z — 1,y)

s = cos(—0)

(v) 02,y — 1)
s = cos(90 — 0)

7.4 Find the Radon transform of the line f(x,y) characterized by the given equation. Using the result, find
the transforms of f(az,ay) and f(x—p,y—q) from the properties of the Radon transform. Find the equation
of the lines f(az,ay) and f(x — p,y — ¢) and determine the the Radon transform directly. Verify that the
results are the same as those obtained using the properties.

(i)
f(z,y) =3x 4+ 2y — 6 =0,z is limited from 0 to 2,a =2,p=2,9=3

The square root of the sum of the squares of the coefficients of x and vy is

Vv (3)2+22 =+13
Dividing the equation by this constant and rearranging, we get

3 2 6
< L. 2 c0s(33.6901°) + y sin(33.6901°) =

Vi3 V3 Vi3

The terminal coordinates of the line are (0, 3) and (2,0) The length of the line is

6
V13

V(0=2)2+(3-0)2=13

6
R(——,33.6901°) = V13
(3 )
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Using the property, the transform of f(2z,2y) is
1 1
5 F(25,33.6901°) = V13

f(2z,2y) =3z +2y—3=0

3x 2y 3 .
+ = , 2 c0s(33.6901°) + y sin(33.6901°) =
v13 V13 V13 ( )+ ysin( )

The terminal coordinates of the line are (0,1.5) and (1,0) The length of the line is

ﬁ‘w
w

V0 -1)22+(15-0)2 = \/?TS
3 oy V13
R(ﬁ,33.6901 ) ==

Using the property, the transform of f(z — 2,y — 3) is
12
R(s — 2c0s(33.6901°) — 3sin(33.6901°), 33.6901°) = R(s — ——, 33.6901°) = v/13
V13
fla—2,y—3)=3x+2y—18=0

3x n 2y 18

V13 V13 V13
The length of the line remains the same, v/13.

x ¢0s(33.6901°) + y sin(33.6901°) =

ﬁ\a
[J%]

18
R(——,33.6901°) = V13
(\/ﬁ )

(i)
f(z,y) =4x + 2y — 8 = 0, is limited from 0 to 2,a =3,p =3, =2

The square root of the sum of the squares of the coefficients of x and y is

VAT Z =V

Dividing the equation by this constant and rearranging, we get

e (2 _ 8 2 c08(26.5651°) + y sin(26.5651°) =
V20 V20 V20 ' Y '

The terminal coordinates of the line are (0, 3) and (2,0) The length of the line is

jen)

V(0 =22+ (4—-0)2=+v20

4
R(ﬁ726.5651°) =20

Using the property, the transform of f(3z,3y) is
1 1
gR(35726.5651 )= g\/ 20

fBx,3y) =42 +2y—8/3=0
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4 2 8 4
* J _ 2 c08(26.5651°) + ysin(26.5651°) = ——

+ 5
V20 V20 3v20 3v5
The terminal coordinates of the line are (0,4)/3 and (2,0)/3 The length of the line is

V(0 =22+ (4-0)2=

o=
(a]

4
R(—=,26.5651°) =
(3\/5 )

s}

Using the property, the transform of f(z — 3,y — 2) is

8
R(s — 3¢0s(26.5651°) — 25in(26.5651°), 26.5651°) = R(s — 7 26.5651°) = v/20

fla—3,y—2)=4c+2y—24=0
4z 2y 24
+ = , 7 c0s(26.5651°) + v sin(26.5651°) =
V20 /20 V20 ( )+ ysin( )

The length of the line remains the same, v/20.

12
V5

12
R(ﬁ,26.5651°) =20

(iii)

flz,y) =2 4+y—1=0,z is limited from 0 to 1l,a=-3,p=—-3,¢ =2

The square root of the sum of the squares of the coefficients of x and y is

VP F =2

Dividing the equation by this constant and rearranging, we get

X y 1 o 3 o 1
= x cos(45°) + ysin(45°) = —
oy Aty (15°) + ysin(45°) =

The terminal coordinates of the line are (0,1) and (1,0) The length of the line is

VO-1)2+(1-02=v2

Using the property, the transform of f(—3z, —3y) is

1 1
sR(—35,45°) = -2
S R(=35,45%) = 5V2

f(=3z,-3y)=x4+y+1/3=0

X y ]- o 3 o 1
— == x cos(45°) + ysin(45”) = ———=
itViT s (9 Fys) = =575
The terminal coordinates of the line are (0,1)/(—3) and (1,0)/(—3) The length of the line is
2
VO—1)2Z+(1-02= %
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1 0_12
m—a5A5y_3

Using the property, the transform of f(z + 3,y — 2) is

1
R(s+ 3cos(45°) — 2sin(45°),45°) = R(s + 57450) =2

f@+3,y—2)=z+y=0

+ =0, x cos(45°) 4+ ysin(45°) =0

V2 V2

The length of the line remains the same, /2.

R(0,45°) = /2

7.5. Find the Radon transform R(s,#) of the image x(m,n) and reconstruct the image from its transform
by the backprojection method, using the DFT and the IDFT.

(1)

1 2
z(m,n) = - 3
(i)
P
x(m,n) = B |
(i)
_ L
z(m,n) = RIS
(iv)
SR
z(m,n) = 12
(v) ) )
4 3
x(m,n) = ER3
(i)
1 2
z(m,n) = { 9 3 }
The 1-D row DFT of the image is
[3 —1
5 —1

The 1-D column DFT of this partial transform is the 2-DFT, X (k, 1), of z(m,n) and it is

The 1-D IDFT of the first row coefficinets {8, —2} is {3,5}. These are the R(0,0°) and R(1,0°) coeffi-
cients. The 1-D IDFT of the first column coefficinets {0, 2} is {1, —1}. These are the R(0,90°) and R(1,90°)
coefficients. Remember that the X (0,0) can be included only in one computation. As we computed the 1-D
2-point IDFT using the 2 x 2 2-D DFT coefficients, we have to divide these coefficients by 2 to get the true
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Radon transform coefficients.
Reconstruction

&(m,n) =Y R(mcos(6) + nsin(6),0) (7.1)
6

Let us reconstruct the image using Equation (8.6). With m = 0, n = 0 and § = 0°, we get 2(0,0) = R(0) = 2.
Proceeding similarly, we get the reconstructed image corresponding to 8 = 0° as

=03 2 2]

The reconstructed image corresponding to 6 = 90° is

-1 -1
zgo(m,n) = 0.5 [ 11 }

The sum of the partially reconstructed images is the final image, which is the same as z(m,n).
(i)
31
z(m,n) = [ 2 0 }
4 2
2 2
The 1-D column DFT of this partial transform is the 2-DFT, X (k,1), of z(m,n) and it is
-2 0
6 4
The 1-D IDFT of the first row coefficinets {6,4} is {5,1}. These are the R(0,0°) and R(1,0°) coefficients.
The 1-D IDFT of the first column coefficinets {0, —2} is {—1,1}. These are the R(0,90°) and R(1,90°) co-
efficients. Remember that the X (0,0) can be included only in one computation. As we computed the 1-D

2-point IDFT using the 2 x 2 2-D DFT coeflicients, we have to divide these coefficients by 2 to get the true
Radon transform coefficients.

The 1-D row DFT of the image is

Reconstruction

&(m,n) =Y R(mcos(6) + nsin(6),0) (7.2)
6

Let us reconstruct the image using Equation (8.6). With m = 0, n = 0 and § = 0°, we get 2(0,0) = R(0) = 2.
Proceeding similarly, we get the reconstructed image corresponding to 8 = 0° as

oy =03 5 1]

The reconstructed image corresponding to 6 = 90° is

1 1
Zgo(m,n) :0.5[ 1 -1 }
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The sum of the partially reconstructed images is the final image, which is the same as z(m, n).

(i)

1 1

2 o]

The 1-D column DFT of this partial transform is the 2-DFT, X (k,1), of z(m,n) and it is

0 0
5ol
The 1-D IDFT of the first row coefficinets {4,0} is {2,2}. These are the R(0,0°) and R(1,0°) coeffi-
cients. The 1-D IDFT of the first column coefficinets {0, 0} is {0,0}. These are the R(0,90°) and R(1,90°)
coefficients. Remember that the X (0,0) can be included only in one computation. As we computed the 1-D
2-point IDFT using the 2 x 2 2-D DFT coefficients, we have to divide these coefficients by 2 to get the true

Radon transform coefficients.
Reconstruction

(o) = {1 1}

The 1-D row DFT of the image is

Z(m,n) = Z R(mcos(f) + nsin(6), 0) (7.3)
0

Let us reconstruct the image using Equation (8.6). With m = 0,n = 0 and § = 0°, we get 2(0,0) = R(0) = 2.
Proceeding similarly, we get the reconstructed image corresponding to 6 = 0° as

zo(m,n) = 0.5 { ; 3 ]

The reconstructed image corresponding to 6 = 90° is

0 0
:cgo(m,n):Ob[ 0 0}

The sum of the partially reconstructed images is the final image, which is the same as z(m,n).

(iv)

cw=[1 4

7 —1
3 -1
The 1-D column DFT of this partial transform is the 2-DFT, X (k, 1), of 2(m,n) and it is
—4 0
10 -2
The 1-D IDFT of the first row coefficinets {10, —2} is {4,6}. These are the R(0,0°) and R(1,0°) co-

efficients. The 1-D IDFT of the first column coefficinets {0, —4} is {—2,2}. These are the R(0,90°) and
R(1,90°) coefficients. Remember that the X (0,0) can be included only in one computation. As we computed

The 1-D row DFT of the image is
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the 1-D 2-point IDFT using the 2 x 2 2-D DFT coefficients, we have to divide these coeflicients by 2 to get
the true Radon transform coefficients.
Reconstruction

&(m,n) = R(mcos(0) + nsin(f),0) (7.4)
0
Let us reconstruct the image using Equation (8.6). With m = 0, n = 0 and 8 = 0°, we get 2(0,0) = R(0) = 2.
Proceeding similarly, we get the reconstructed image corresponding to # = 0° as

=05 1 0]

The reconstructed image corresponding to 6 = 90° is

2 2
xgo(m,n)—0.5[ 9 _o }

The sum of the partially reconstructed images is the final image, which is the same as z(m,n).

(v)

=] 13]

71
5 1
The 1-D column DFT of this partial transform is the 2-DFT, X (k, 1), of z(m,n) and it is
-2 0
12 2
The 1-D IDFT of the first row coefficinets {12,2} is {7,5}. These are the R(0,0°) and R(1,0°) co-
efficients. The 1-D IDFT of the first column coefficinets {0, —2} is {—1,1}. These are the R(0,90°) and
R(1,90°) coefficients. Remember that the X (0,0) can be included only in one computation. As we computed
the 1-D 2-point IDFT using the 2 x 2 2-D DFT coefficients, we have to divide these coefficients by 2 to get

the true Radon transform coefficients.
Reconstruction

The 1-D row DFT of the image is

Z(m,n) = Z R(m cos(f) + nsin(6), ) (7.5)
0

Let us reconstruct the image using Equation (8.6). With m =0, n = 0 and § = 0°, we get 2:(0,0) = R(0) = 2.
Proceeding similarly, we get the reconstructed image corresponding to 8 = 0° as

xdmﬂ0=05[; g]

The reconstructed image corresponding to 6 = 90° is

1 1
xgo(m,n):0.5[ 1 -1 }

The sum of the partially reconstructed images is the final image, which is the same as z(m,n).
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7.6. Detect the lines in the 4 x 4 binary image x(m,n). Choose a suitable threshold.

(i)

00 10
1 01 0
z(m,n) =
00 10
00 10
1 0 1 1
2 2 0 2
acclm,m)=11 1 4 0
1 1.0 0
01 0 0

The entry acc(2,2) = 4 in the acc martrix indicates a line at distance 2 from the top left corner (origin) of
the image at angle 90 + 90 = 180 degrees from the m-axis.

(i)

00 00
1 1 11
x(m,n) =
00 10
01 00
00 1 2
4 2 2 2
acclm,n)=11 1 2 0
1 3 10
00 0O

The entry acc(1,0) = 4 in the acc martrix indicates a line at distance 1 from the top left corner (origin) of
the image at angle 0 + 90 = 90 degrees from the m-axis.

The entry acc(3,1) = 3 in the acc martrix indicates a line at distance 3 from the top left corner (origin) of
the image at angle 45 + 90 = 135 degrees from the m-axis.

(iii)

00 0O
1 1 11
x(m,n) =
00 0 1
1 0 0 1
00 2 2
4 2 1 3
ace(m,n)=11 2 1 0
21 3 0
02 00

The entry acc(1,0) = 4 in the acc martrix indicates a line at distance 1 from the top left corner (origin) of
the image at angle 0 + 90 = 90 degrees from the m-axis.

The entry acc(3,2) = 3 in the acc martrix indicates a line at distance 3 from the top left corner (origin) of
the image at angle 90 + 90 = 180 degrees from the m-axis.
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1 0 0 O
01 1 1
x(m,n) =
00 1 1
00 0O
1 1 1 3
31 1 3
acc(m,n)=12 1 2 0
02 20
01 00

The entry acc(0,3) = 3 in the acc martrix indicates a line at distance 0 from the top left corner (origin) of
the image at angle 135 4 90 = 225 degrees from the m-axis.

The entry acc(1,0) = 3 in the acc martrix indicates a line at distance 1 from the top left corner (origin) of
the image at angle 0 + 90 = 90 degrees from the m-axis.

The entry acc(1,3) = 3 in the acc martrix indicates a line at distance 1 from the top left corner (origin) of
the image at angle 135 4+ 90 = 225 degrees from the m-axis.

(v)

0 0 00
1 1 11
z(m,n) =
01 00
1 0 0 O
00 21
4 2 2 2
acclm,m)=11 3 1 0
1 110
0 0 0O

The entry acc(1,0) = 4 in the acc martrix indicates a line at distance 1 from the top left corner (origin) of
the image at angle 0 + 90 = 90 degrees from the m-axis.

The entry ace(2,1,0) = 3 in the acc martrix indicates a line at distance 2 from the top left corner (origin)
of the image at angle 45 + 90 = 130 degrees from the m-axis.
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Chapter 8

Morpho

8.1 Find the dilation of z(m,n) and h(m,n).

I T I I
S o O O O —\ - O O S~ o O O
S oS O O O — - O O — o~ S o~
— o O —H - — O O O — = — =
— O — — — O S O O — o~ — =

L 1 L 1 L L
Il I | Il I
~— ~— ~— ~— ~—
N N < < <
E £ £ £ £
8 8 S S 8

—~ = —~

= = =

= = =1

S~—" S~— S~—
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(iii)

— = - O

N - - O

— = - O

S — O

z(m,n) = |:

8.2 Find the erosion of z(m,n) and h(m,n).

o - O

—\ O O

S -~ O

h(m,n) = {

T T T T T r
o O —H O o O O O o —H O O o O O O — O O O — O —A O
o - O O — — O O — = = o O O O o O O O o —H O O
o - O O — O O O S~ — - o O O O o O O O — o — O
— O O O o O O O — = — O o —H O O — O O O S =
L 1 L 1 L 1 L 1 L 1 L 1
I I Il _ f |
— — — — — —
N N N N N <
S E E S £ S
8 8 5 8 8 8
— = —~ ]
= = - =

8.3 Find the opening of x(m,n) and h(m,n).

o - O

— -

S —H O

h(m,n) = {
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T T I T T
— S = o~ - [ S — S = o~ S O O O
— S o~ = — - - O — = S O~ o O O O
— — — O O — — O O — = o O O O o O O O
— o O O O o o o - — = o O O O o O O O
L 1 L 1 L L 1 L ]
I | Il Il Il I
—~ —~ —~ —~ — —
N < < < < <
£ £ £ £ £ £
8 S 8 S 8 8
—~ = —~ g
= =t = =t
= = = =
S— S~— S~— S~—"

8.4 Find the closing of z(m,n) and h(m,n).

— O -

(el

— O O

h(m,n) = {

I T
— o~ — - - O
— - - O — - O O
— — O O o o o O
S O O O o O - o~
L 1 L 1
I I
— —
< <
£ £
8 8
—~
=
=)
~—
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1 0 1 07
1 010
01 10
0 1 1 17
01 11
00 11
L0 0 1 1
[0 1 1 17
00 11
1 0 0 1

z(m,n) =
xz(m,n)
z(m,n)

8.5 Find the hit-and-miss transformation of x(m,n) and hy(m,n) and h,,s(m,n).

(i)
(i)
(iif)

o O -
o O o

S O -

] hms(m,n) = [

— O O

o O O

— O O

hp(m,n) = [

1
1
1
1
1
1
1
1

1
1 1 0 1
1 0 0 1
1
1
1
1
1
1
0 0001001
1
1
1

0 0
11

1
11
0 0 0 1
1 0 0 0 11
1
64

011 111
0 1 1
0
100 0 11
0
10 01 11
100 0 1 1
110 0 11
110 0 11
110 0 01

z(m,n) =
x(m,n) =

(i)



(iii)

1111101
111 11
01 1 1
0000 O0OO0OTO0DTF 0

0

1

10 0 0

10 00 00 10

10 0 0 1 1
10 0 0 01

1
1

1

10 0 01

1 11

0000 O0O0O0OTO O
0000 O0O0O0O 0
0000 O0OO0TO0T1

100 0 0 0 01
1001 0 00O
0000 O0OO0OTO0TO 0
0000 O0O0OTO0TO 0
0 000 O0T1T171

100 0 0 0 0 O
0000 O0O0O0O 0
0000 O0OO0OTO0TO
0 0001O0O0T1

0 000 O0O0OTO0DTF©
0000 O0O0O0TO 0
0000 O0O0O0TO O

100 0 0 1 11

0 000O0O0OTO0DF© 0

0000 O0O0T10O0

111 01
101 10 000
0000 O0OO0TO0TO
000 0O0O0O0T1

10

1

0000 O0O0OTO0T1

110 0 0 0 0 O

x(m,n)

xz(m,n)

(i)

x(m,n)

(iii)

x(m,n)

8.6 Find the thinned version of z(m,n).

(i)

0000 0 O0O00O0
0000 O0O0O0O 0
01111100

1100
1100

1

1
0000 0 O0O00O0
0000 O0O0TO0TO O
0000 O0OO0OTO0TF

0 1 1

1

1

z(m,n) =
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(i)

0 0 00O
10 0 0 O

1 1
1 1
1 11
0 1 1

110 0 0
1110 0
11
0 00111

0
1

1
1
1

1
0 000O0T1T1T71

0

1

0 00011

0 0 0 0 07

1
1

1
0

1.0 0 0 O
1101 1 000
01101100

0

1 01 1

0 01

1 10
00001101

0 0 O

0 000O0T1T1FPO

0000 OO0 O0 07

0000 O0O0O0O 0

0000 O0OO0OTO0TO

10 0 0

1
0 000 O0O0OTO0DTF©
0000 O0O0O0TO 0
0000 O0O0O0TO O
0000 O0O0TO0TO 0

0 01

000 0O0O0O0 0]

0000 0 O0O00O

10 0 0 0 O
0001 O0O0O0O0
00001000

1

0 000 01 00

0000 O01O00O0

0000 O0OO0TO0TO

001 00 0O0O0 0]

10 0 0 0 O
01010000
001 01000
00010100

0

0 0001010

0 000O0T1TCO0T1

0

1

0 000 0O

x(m,n) =

(iii)

xz(m,n)

x(m,n)

(i)

x(m,n)

(iii)

z(m,n)

8.7 Find the skeleton of z(m,n).
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O~ o - - - O O - - O O O O O O ™ ™ ™ = - O o - O O O —H O O O —H O O O O O O
O A H = - — O O - O O O O O O A H = - —~ O O O - - - O O O —\ O O O O OO O O
S 4 A A A —H O O O O O O o O — = - - O O O O —+H O O O H O O — O O O O O o O
O O O O O o oo o O O O o o - - - O O O O O O O O O o o O — O O O O O o o
O O O OO O oo oo o O O O o O — - - O O O O O O O O O O o o o O O O O o o o o
L ] ] L ] L ] L ]
I Il Il Il Il
— — — — —
e e e e S
S £ £ £ £
g g 3 g g
— = —
= = -
= = =
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(iii)

100 0 0 0 0 O
0100 00O0O0O0
001 00 O0O0O0
0001 O0O0TO0O0

00001 0O00O0

0000 O0T1TO0UO0

0000 O0O0T1F@O0

0 000 O0OO0OTO0T1

x(m,n)

8.8 Extract the boundary of z(m,n).

O O O O O O o o O O O O O O O O O O O O O O O O O O O O O O O O
S O O O O o oo =l eleleolBoNeNel S [Nl o ol ool O O OO o o oo
O = - O O O O O O O O~ S O O O o o o o O A = = A A O O
O H o - - OO O OO OO —H — o= o = =~ o —H O O o H O O
O = - - - O O S OO H A —~H - — = = = o o O —H O O O —H O O
SO —H A - 4 4 O O OO O A A —~H —~H —~ — o= = o o~ O —H OO0 O H OO
S = = = - - O O SO ~H A ~H —~A —~ - — = o o o O = ™ = - - O O
O O O O O o o O O = = o = — = = = = =~ O O O O O o o o
L ] L ] L 1 L 1
I I I Il
— —~ —~ —~
N < < <
£ £ g g
8 8 S S
= =
= =t
= =
S— S~—"
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(i)

0000 O0OO0OTO0TF
100 0 0 0 0 O
110 0 0 0 0 O
11100 0 0O

1 01

10 0 0 O

1001 1 000
100 0 1 1 00

1 11

1110

1

1 0 0 0

1
100 01 0 0O
100 01 0 0O
100 01 0 0O
100 01 0 0O
100 01 0 0O
100 01 0 0O
111 11000

x(m,n)

(iii)

xz(m,n)
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Chapter 9

Edge

9.1 Find the 6 x 6 filtered magnitude output and the edge map of z(m,n) obtained using the Sobel filters.
The threshold is 1.2 times the average of the magnitude of the values of the filtered output.

(i) ] )

227 179 45 10 14 15 14 12
227 227 177 18 15 17 15 14
227 227 225 56 8§ 15 18 15
227 227 227 98 9 17 18 16

) =1 997 997 997 141 7 17 18 17
227 227 227 194 26 9 14 14
9227 227 227 214 92 0 11 11
| 227 227 227 212 184 64 5 14 |
(ii)
T168 153 111 58 0 0 0 427
159 161 114 79 9 2 5 42
134 181 124 67 86 20 15 26
L | 117 180 122 79 74 47 46 47
M) =1 5o 181 132 70 36 38 40 49
156 171 117 59 73 77 61 67
174 166 124 84 69 57 55 55
172 159 129 93 84 31 22 23 |
(ii)
13 10 13 9 7 5 7
6 10 12 10 6 6
19 19 12 11 6 3
19 19 18 18 10 5
x(m,n) =

19 18 16 17 14 10
17 14 15 15 10

13 10 11 13 12 9
4 9 9 9 10 10

Q0 00 00 N N N N =~
UL W O WO NN
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49.5025 110.4451  78.8531 6.3738  1.2748 1.7766
9.1992  87.9275 104.8967 221923  3.6443 1.1180
0.3536  65.3292 111.1987 42.2334 4.8894 0.5590

0 43.4403 110.5075 66.0350  2.4044 2.3049
0 22,5534 98.9326 92.8995 12.9735 5.3180
0 9.5197  68.6740 106.8324 54.7280 5.4458

111000
011000
emmy=| 0 L1000
’ 001100
001100
(00111 0|

[20.1067 47.2854 47.1981 40.9806 20.2029 16.5548
7.5166 ©51.5609 30.0442 33.5023 32.7614 17.7341
4.1003 53.4278 29.1000 20.4213 15.4364 11.5718
9.4637 54.5931 35.9627  9.8011 10.0778 10.1119

18.6078 52.1683 30.6008 12.7046 11.5596  7.0112

| 22.7555 43.1350 27.3524 12.3136 19.6866 21.1793

011100
010110
ey = |0 L0000
’ 011000
011000
(001000 0

(iii)

[ 29422 15910 3.0104 2.5125 2.0691 2.1360
47599 4.2019 4.5962 4.5311 2.5125 1.2748
1.5207 2.1287 4.2426 6.2774 4.7730 2.8559
2.1866 1.7678 2.4044 4.1269 3.4731 2.8777
35576 2.7951 2.3251 3.0873 1.9121 2.0156
| 2.7443 3.0052 2.2638 1.7410 1.5207 2.5000

0 0 0 0 0 0]
111100
6(mn):001110
’ 000100
1 00000
|00 00 0 0]

9.2 Find the filtered output and the edge map of z(m, n) obtained using a 5 x 5 LoG filter with o = 1. The
threshold is 0.75 times the average of the magnitude of the values of the filtered output. Assume replication
at the borders.
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(iii)

x(m,n)

1.1393 —1.3247

—7.4267 —7.0300

25
15
33
34
15
15
12

147
160
141

91
113
136
148
142

20.6334
0.9546 —6.4392 17.2310
17.2427
—5.7324  4.8810 29.0622
5.7233  19.8491 37.2761
8.5548  20.7852 10.7965
14.3345 20.2479 —20.4283

L 26.5096 32.6481 —21.6905

e(m,n)

17 22 8 118
38 18 13 152
32 14 9 115
4 14 12 21
14 7 18 106
24 39 156 188
24 129 204 204

7 145 206 206
163 179 186 191
175 182 184 184
163 170 175 174
127 135 124 85
126 121 117 18
135 125 151 99
150 159 161 149
164 178 181 168

72 77 66 62 50

75 65 61 65 50

67 57 62 67 48

55 62 64 62 16

41 46 47 46 11

39 28 58 54 25

41 0 49 48 28

63 20 6 23 16

35.2144 —20.1352
23.6173 —36.0319
27.4759 —16.5927
48.1298  31.8933
33.1484 7.8847
—24.3086 —42.0398
—52.8141 —38.0404
—45.3147 —18.1970

[0 0 0 0 0

01 00 1
01 00 1
0o o0oo0o00
0o 0000
000 1 1
00100

L0 0 0 0 O

72

S O O O = OO

186
147
165

64
137
194
206
209

194
186
133

16

54
106
113

43
36
31
34
33

10

136
131
143

41

92
191
208
211

19
16
3

8
12

66
64
63
61
59
50

7
2
8

= O

9
0

66

63
61
62
61
29
15

—40.2937
—44.2407
—22.9585
36.2891
15.8506
—28.9790
—20.7737
—6.1235

O O O O O OO

O O O O O o o o

133
150
173
179
195
197
195
200

157

50

10

20
91

1.3512 12.1893

—5.5452  —1.8316

2.6669 —12.3373
48.0806  —0.1095
32.3539  —4.7361

—11.6563 —13.5621
—13.0613  —4.7126
—5.6080 0.2445




(iii)

5.0105
—8.9723
0.5121
24.1600
14.9449
—2.4414
—3.6860
2.5690

[ —3.1158
—4.1800
—3.1444
—0.2920

3.8998
7.2203
3.5515
| —9.8399

—0.2727
—13.5013
—9.8865
9.4774
10.6197
2.3624
—3.4955
—5.4928

—4.0225
0.0835
0.1023

—1.9751
2.4854
9.2935

15.5884
13.0285

—5.3430
—16.3388
—17.8006

—1.3458

4.6543

—2.5966
—11.0425
—15.0516

e(m,n)

—2.3253
—1.2931
—5.9931
—9.1293
—6.8059
—10.5167
—3.1670
12.7044

—5.7242
—18.7095
—24.2760

—0.2453

8.7492
—13.3771
—25.8184
—24.8636

O OO O O o oo

e elNeleolBoll =]

—10.2161
—28.2793
—27.9287

18.7616
40.4500
3.0772

—23.2475
—19.8852

o O OO o o oo

—2.8234
—6.4914
—10.4337
—5.9373
—3.0805
—14.9594
—15.6817
—1.7843

O OO O O o o o

O OO O O O oo

O = = = O =k OO
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O O = O = O OO
O R O O O = OO

5.1919
3.6881
5.7108
15.2957
17.6009
7.2599
0.2656
1.3823

e e e
S OO O o o o o

o R O O O = OO

O O O O o o oo

—28.1357
—38.4562
—12.6175
38.9715
53.8614
20.0810
—10.5215
—8.3275

o R O O O o~ O
o O O O o o oo

8.2161
9.5863
10.6493
11.0129
10.1186
12.4922
13.8107
9.4791

OO R R R == O
O OO O oo oo

—33.8425
—18.6954
21.2665
39.5796
35.7797
23.4170
—2.0928
—14.2503

—4.2257
—3.8063
—4.6142
—7.7909
—12.1281
—5.6128
9.4087
10.1562

—15.9979
20.0468
43.7632
24.7139
13.2239
23.2587
14.6576

—9.5180

—5.3983
—5.2979
—5.1380
—6.0295
—13.3516
—14.3111
0.7937
5.7571




Chapter 10

Segmentation

10.1 Using the averaging method, find the threshold of the 4 x 4 8-bit image. Let the initial value of the
threshold be the average of the gray levels of the image. The iteration stops when the difference between

two consecutive threshold values becomes less than 0.5.

140
74
21

2

10

S O N
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10.2 Using the averaging method, find the threshold of the 4 x 4 8-bit image. Let the initial value of the
threshold be the average of the gray levels of the image. The iteration stops when the difference between
two consecutive threshold values becomes less than 0.5.

191
182
140

74

102
45
10

2

~N Ot N =
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10.3 Using the averaging method, find the threshold of the 4 x 4 8-bit image. Let the initial value of the
threshold be the average of the gray levels of the image. The iteration stops when the difference between

two consecutive threshold values becomes less than 0.5.

184
188
191
182

(i) 19.0625, 41.8590, 56.7500.
(ii) 49.1250, 73.3091.
(iii) 85,94.5714.

188
163
102

45

72
22
1
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10.4 Using Otsu’s method, find the threshold of the 4 x 4 3-bit image. Find the separability index.
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10.5 Using Otsu’s method, find the threshold of the 4 x 4 3-bit image. Find the separability index.
4 0 2 6

ot O W
N = O

6
6
5

S N O

10.6 Using Otsu’s method, find the threshold of the 4 x 4 3-bit image. Find the separability index.

5 6 5 5

6 5 5 6

7 6 45

5 5 5 5

(i)

Gray level, £ | 0 | 1 2 3 4 5 6 7
hn(k) 0]0/|0.1875 0 0 | 0.3750 | 0.3750 | 0.0625
he(k) 0] 0| 0.1875 | 0.1875 | 0.1875 | 0.5625 | 0.9375 1
ha(k) 0] 0| 0.3750 | 0.3750 | 0.3750 | 2.2500 | 4.5000 | 4.9375
ot (k) 0]0 19913 | 1.9913 | 1.9913 | 1.1300 | 0.2836 0

The threshold and the separability index are 3 and 0.8626.
(i)

Gray level, k 0 1 2 3 4 5 6 7
hn(k) 0.0625 | 0.0625 | 0.1250 | 0.0625 | 0.0625 | 0.1875 | 0.3750 | 0.0625
he(k) 0.0625 | 0.1250 | 0.2500 | 0.3125 | 0.3750 | 0.5625 | 0.9375 1
ha(k) 0 | 0.0625 | 0.3125 | 0.5000 | 0.7500 | 1.6875 | 3.9375 | 4.3750
o (k) 1.2760 | 2.1451 | 3.2552 | 3.5003 | 3.3844 | 2.4308 | 0.4594 0

The threshold and the separability index are 3 and 0.8266.
(iii)

Gray level, k |0 |1 ]2 |3 4 5 6 7
hn(k) 0]0]0|0]0.0625 | 0.6250 | 0.2500 | 0.0625
hel(k) 0]0|0|0]0.0625 | 0.6875 | 0.9375 1
ha(k) 0]0({0|0 0.25 | 3.3750 | 4.8750 | 5.3125
o2 (k) 0]0|0|0]0.1148 | 0.3580 | 0.1898 0

The threshold and the separability index are 5 and 0.7702.

10.7 Consider the 8 x 8 image. The seed pixel is shown in boldface. Use the 4-connectivity to segment the
image so that the region is to be made of pixels with gray levels less than or equal to 176.

2556 207 73 38 42 43 42 40
255 255 205 46 43 45 43 42
255 255 253 84 36 43 46 43
255 255 255 126 37 45 46 44
255 255 255 169 35 45 46 45
255 255 255 222 54 37 42 42
255 255 255 242 120 28 39 39
255 255 255 240 212 92 33 42
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10.8 Consider the 8 x 8 image. The seed pixel is shown in boldface. Use the 4-connectivity to segment the
image so that the region is to be made of pixels with gray levels less than or equal to 76.

172 157 115 62 4 4 4 46
163 165 118 83 13 6 9 46
138 185 128 71 90 24 19 30
121 184 126 83 78 51 50 51
156 185 136 74 40 42 44 53
160 175 121 63 77 81 65 71
178 170 128 88 73 61 59 59
176 163 133 97 88 35 26 27

[ee B e B en B an B en B o B e Bl @)
O O O O o o o o
O O O O O o o o
OO = EFEF OO O
O R O O O K~
— o e e e e

R — O R ~ B B =
= R s

10.9 Consider the 8 x 8 image. The seed pixel is shown in boldface. Use the 4-connectivity to segment the
image so that the region is to be made of pixels with gray levels less than or equal to 56.

65 62 65 61 59 57 56 54
58 62 64 62 58 58 54 52
71 71 64 63 58 55 54 4
71 71 70 70 62 57 54 55
71 70 68 69 66 62 59 58
69 66 67 67 62 61 60 58
65 62 63 65 64 61 60 55
66 61 61 61 62 62 60 57

0000O0O0 11
000O0GO0GO0 11
00000O0T1T1 1
000O0GO0O011
000O00O0O0TO0O0
00000O0O0TO0O
000O0GO0O0TO OO0
L 00 0O0O0O0O 0 O]

N
(=



10.10 Consider the 8 x 8 image. Use the 8-connectivity to segment, using the split and merge algorithm,
the image so that the region is to be made of pixels with gray levels less than or equal to 45.

59 50 40 29 22 20 20 21
55 48 39 28 22 20 20 20
93 47 38 28 22 20 20 22
o4 47 38 28 22 20 20 23
57 49 40 29 23 21 21 22
62 54 44 32 25 22 22 20
69 60 49 36 28 23 22 20
78 68 55 41 31 24 22 22
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10.11 Consider the 8 x 8 image. Use the 8-connectivity to segment, using the split and merge algorithm,
the image so that the region is to be made of pixels with gray levels less than or equal to 240.

248 247 242 238 236 235 235 234
248 247 243 241 238 235 235 234
249 248 244 242 239 235 235 235
249 248 246 244 240 235 235 235
249 248 247 245 241 236 236 235
247 247 246 244 241 236 236 236
244 245 244 243 241 236 236 236
241 243 242 241 239 236 236 236

00011111
0000T1 111
00001111
00001111
00000111
00000111
00000O0T1T1 1
0000011 1 1|

10.12 Consider the 8 x 8 image. Use the 8-connectivity to segment, using the split and merge algorithm,
the image so that the region is to be made of pixels with gray levels less than or equal to 240.

7



239 240 240 240 241 243 238 231
239 240 240 240 241 242 239 234
239 240 240 240 240 240 240 238
239 240 240 240 239 238 240 241
239 240 240 240 239 239 242 244
237 238 239 240 241 245 245 245
236 238 239 240 241 245 246 245
236 238 239 240 241 245 246 245

11110011
11110011
11111111
11111110
11111100
11110000
11110000

1111000 0

10.13 Find the seed points of the regions by clustering and finding the centroids. Initial seeds are {2,2} and

(2,3},

000O0GO0O0TO0O0
01110000
01 110000
01110000
0000T1T100
0000T1T100
0000O0O0TO0O0
00 0O0O0O0T 0 O]

10.14 Find the seed points of the regions by clustering and finding the centroids. Initial seeds are {2,2} and

{2,3).

01111000
01111000
01111000
01111000
0000O0O0TO0DO
00000111
0000O0T1 11
L0000 O0 1 1 1|

10.15 Find the seed points of the regions by clustering and finding the centroids. Initial seeds are {2,2} and

(2,3}
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(iii)

O OO O oo oo
S OO OO = = =
O OO OO ==
O OO OO ==
O OO OO ==
== =0 O O O O
== -0 O O O O
SO OO O oo oo

2,2,2,3

3.0000, 2.0000, 4.0000, 4.3000
2.8000, 2.4000, 4.3750, 4.6250
2.8571,2.7143, 4.8333, 5.0000
2.8750, 2.8750, 5.2000, 5.2000
3.0000, 3.0000, 5.5000, 5.5000

2,2,2,3
2.5000, 2.0000, 4.4286, 5.2857
2.1818, 3.0000, 5.6429, 6.1429
2.4000, 3.4000, 6.70006.8000
2.5000, 3.5000, 7.0000, 7.0000

2,2,2,3

2,2,4,5
1.8750,2.8750, 5.1000, 5.8000
1.9091, 3.3636, 6.4286, 6.2857
2.0000, 3.5000, 7.0000, 6.5000

10.16 Using the distance transform with masks

hy(m,n) =

00
1
00

1 o0
0 o and  hp(m,n) =
00 0
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find the distance of the pixels of the 8 x 8 image.

e i = N e i e B e i )
e e e S e R an B e B )
O O OO OO OO

10.17 Using the distance transform with masks

4 3 4
hf(m,n)=1 3 0 oo
00 00 00

find the distance of the pixels of the 8 x 8 image.

e e e e
== = = = = O

e e e T e T e T e T S =t

10.18 Using the distance transform with masks

oo 11 oo 11 o0
1 7 5 7 11
hf(m,n)=1 00 5 0 oo o0
00 00 00 00 00
00 00 00 00 00

find the distance of the pixels of the 8 x 8 image.

O O O O O O o o
O O O O O o o o
O OO OO O o o

O O O O o o o o
O O O O o o o o

and

_ o O O o o oo
O O O O o o o o

and

O O OO o o o
(=l el eleolNol
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hy(m,n)

O OO O O o o o

hy(m,n)

O OO OO ==

O OO OO O o o
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11.3

3.0
2.0
1.0
0.0
0.0
0.0
0.0

| 0.0

0.0
0.0
0.0
0.0
0.0
0.0
0.0

L 0.0

[ 3.0

3.2
3.6
4.2
5.0
5.6
6.2

| 6.4

4.0
3.0
2.0
1.0
0.0
0.0
0.0
0.0

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

2.0
2.2
2.8
3.6
4.2
5.0
5.2
5.4

5.0
4.0
3.0
2.0
1.0
1.0
1.0
1.0

1.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

1.0
1.4
2.2
2.8
3.6
4.0
4.2
4.4

6.0
5.0
4.0
3.0
2.0
2.0
2.0
2.0

1.3
1.0
1.0
1.0
1.0
1.0
1.0
0.0

0.0
1.0
14
2.2
2.8
3.0
3.2
3.6

7.0
6.0
5.0
4.0
3.0
3.0
3.0
3.0

81

2.3
2.0
2.0
2.0
2.0
2.0
1.3
1.0

0.0
0.0
1.0
14
2.0
2.0
2.2
2.8

8.0
7.0
6.0
5.0
4.0
4.0
4.0
4.0

3.3
3.0
3.0
3.0
3.0
2.7
2.3
2.0

0.0
0.0
0.0
1.0
1.0
1.0
14
2.0

9.0
8.0
7.0
6.0
5.0
5.0
5.0
5.0

4.3
4.0
4.0
4.0
4.0
3.7
3.3
3.0

0.0
0.0
0.0
0.0
0.0
0.0
1.0
1.0

10.0 7
9.0
8.0
7.0
6.0
6.0
6.0
6.0 |

5.3
5.0
5.0
5.0
5.0
47
43
40 |

0.0 ]
0.0
0.0
0.0
0.0
0.0
0.0
0.0 |




Chapter 11

Representation

11.1 Find the chain code for the image.

000 O0O0OO0OTO0OTFP O

0 000 0O

1

1
01 010O0O0O0

01001000

0
0

10 0 0 0O

01 000 1O00O0

00 0 O0O0O0OTO0OTO O

000 O0O0OO0OTO0DTF O

1000
0 0 0 1

00 1 1

0

1
01000100

01 0001O0O0

0

110 00

1
00 0O0O0O0OO0OTO O

000 O0O0O0OTO0OTO

0

000 O0O0O0OTO0OTF O

0
0

0
0

1
1

1 11
0 0 O

1

1
01000100

01000100

110 00

1
00 0O0O0O0OTO0OTO O

000 O0O0O0OTO0OT@ O

0

(i)

(iii)

{7,7,7,7,7,4,4,4,4,4,2,2,2,2,2}
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11.2 Find the signature of the image.

{1,0,0,7,6,6,5,4,4,3,2,2}

{0,0,0,0,6,6,6,5,4,4,3,2,2,2}

(i)
[1 0 0 07
1100
1 010
1011 1 |
(i)
1 1 1 17
10 0 1
1 001
111 1|
(iii)
0 1 1 07
1 00 1
1 0 0 1
L0 1 1 0]
(i) Centroid {2,1}
0 -153 | 180 | 90 63 45 -45 -90 -135
d(9) | 2.2361 1 1| 2.2361 | 1.4142 | 1 | 1.4142 | 1.0000 | 1.4142
(ii) Centroid {1.5,1.5}
0 -135 -162 162 135 108 72 45 18 -18 -45 -72 -108
d(f) | 2.1213 | 1.5811 | 1.5811 | 2.1213 | 1.5811 | 1.5811 | 2.1213 | 1.5811 | 1.5811 | 2.1213 | 1.5811 | 1.5811
(iii) Centroid {1.5,1.5}
0 -108 -162 162 108 72 18 -18 -72
d(9) | 1.5811 | 1.5811 | 1.5811 | 1.5811 | 1.5811 | 1.5811 | 1.5811 | 1.5811

11.3 Find the Fourier descriptor of the image. Reconstruct the image from the descriptor and verify that it

is the same as the input image.

(i)

(i)

o O O O

o O O =

—_ =
_ o O M

S O = =
O = O =
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(iii)

= = O O
= O = O
= o O =
—_ == O

(1) complex data
{0+41,04+2,2,0+ 43,1+ 33,2+ 33,3+ 33,3 +,2,3+ 1,2+ 51,1+ j1}
Fourier descriptor
{15 + 520, —1.8743 + j1.3618,0, —0.5949 — j1.8310,0, —1,0,0.3031 — j0.9329,0, —11.8339 — j8.5978}
(ii) complex data
{04+40,0+ 71,0+ 42,0+ 53,1+ 43,2+ 353,3+ 53,2+ 52,1+ j1}
Fourier descriptor
{9 + j18,—3.2057 — j0.8590, —0.9076 — 53.3872,0 + j0, —0.3867 — j0.1036, —0.3867 — j1.4430,
0+ 50,—0.9076 — j0.2432, —3.2057 — j11.9640}
(iii) complex data
{24370,14 51,04 52,14 53,24 53,34+ 53,34+ 52,3+ 5,3+ 40, }
Fourier descriptor
{18 + j15,1.3803 — j0.5371,2.1665 + j0.0717,0 + 50, —0.0271 — 50.5967, —1.1577 4 j0.3974,

0+ j0,1.2449 — 51.1700, —3.6070 — ;13.1652}

11.4 Find the area, perimeter and compactness of the nonzero region in the 3 x 3 image.

(i)

(iii)
10 0
1

1 11

(i) area = 9, perimeter = 8, compactness = 1.7671

(ii) area = 5, perimeter = 5.4142, compactness = 2.1434

(iii) area = 6, perimeter = 6.8284, compactness = 1.6170
11.5 Find the Euler number of the 8-connected 4 x 4 image.
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111 1
101 1
110 1
1111

(i)
000 1
0110
1111
0110

(iii)
100 0
1100
1010
1111

(i) Euler number = -1
(ii) Euler number = 1
(iii) Euler number = 0

11.6 Find the first two normalized central moments ¢; and ¢o of the 4 x 4 image.

x(k,l) =

o O O O
O = ==
o = O O

[

{meo =7, mio=38, me =12, k=1.1429, [=1.7143}
mi = 1.2857, magg = 4.8571, mgy = 3.4286
e11 = 0.0262, e50 = 0.0991, egp = 0.0700
$1 = 0.1691, ¢ = 0.0036

11.7 Find the first two normalized central moments ¢; and ¢o of the 4 x 4 image.

0 00O
0 0 0 O
D=109 11 1
01 10
{moo =5, mio=12, me1 =9, k=24, [=18}
mi1 = —0.6, maoo = 1.2, mop2 = 2.8

€11 = —0.024, €20 — 00487 €o2 — 0.112
$1 =0.16, ¢o = 0.0064
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11.8 Find the first two normalized central moments ¢; and ¢o of the 4 x 4 image.

o O O O
O = =
[
o o~ o

{meo =17, mio=7 mu=12, k=1, [=1.7143}
mi1 =0, mgy =14, mgyz = 3.4286
e11 = 0, ez0 = 0.0816, g2 = 0.07
¢1 = 0.1516, ¢ = 0.0001

11.9 Find the histogram of the 4 x 4 8-bit image and derive its histogram-based features.

108 81 69 92
114 105 72 101
117 73 67 92
105 0 65 101

mean = 85.1250, std = 27.7689, Sk = —0.5252, S = 0.0117,U = 0.0859, E = 3.6250

11.10 Find the histogram of the 4 x 4 8-bit image and derive its histogram-based features.

120 103 83 78

97 99 81 72
102 96 78 73
121 107 37 O

mean = 84.1875, std = 29.6104, Sk = —0.5560, S = 0.0133,U = 0.0703, E = 3.8750

11.11 Find the histogram of the 4 x 4 8-bit image and derive its histogram-based features.

10 133 175 170
0 61 171 170
3 15 131 172
1 3 70 167

mean = 90.7500, std = 73.8178, Sk = —0.5647, S = 0.0773,U = 0.0781, E = 3.7500

11.12 Find the cooccurrence matrix of the 8 x 8 3-bit image.

5222 2 1 1 2
54122 211
552 2 2 2 11
55412 211
6 56 22 2 21
6 45 41 2 21
5555 2 2 21
|5 455 3 2 2 2]
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Let the spatial relationship of a pair of pixels be 2(m,n) and z(m,n + 1). That is, a pixel and its immediate
right neighbor form the pair. Find the contrast, correlation, energy and homogeneity.

(4 400 00 0 07

7170 0 00 0 0

0 000O0O0TO OO

0 1000000

300000 20

0 000O0O0TO 0O

0 30140 6 1

L0 100101 0]
[ 0.0714 0.0714 0 0 0 0 0 07
0.1250 0.3036 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0.0179 0 0 0 0 0 0
0.0536 0 0 0 0 0 0.0357 0
0 0 0 0 0 0 0 0
0 0.0536 0 00179 0.0714 0 0.1071 0.0179
0 0.0179 0 0 0.0179 0 0.0179 0

Contrast : 3.8929, Correlation : 0.7238, Energy : 0.1435, Homogeneity : 0.6710

11.13 Find the cooccurrence matrix of the 8 x 8 3-bit image.

1 0 01 2

—= == =0 O OO
o O O O o o
N NN NN

W W W W k= &= Ut Ut

DD N DN DN
O O O O oo o O
e
o= NN NN

0

Let the spatial relationship of a pair of pixels be z(m,n) and x(m,n+ 1). That is, a pixel and its immediate
right neighbor form the pair. Find the contrast, correlation, energy and homogeneity.

(12 8 00 0 0 0 07
8 6 053000
0000O0O0T 0O
040510 2 2
0000O0O0T 0O
0000O0O0T 0O
0000O0O0T 0O
L 00 00O0O0O0 O]
[0.2143 0.1429 0 0 00 0 0
0.1429 0.1071 0 0.0893 0.0536 0 0 0
0 0 0 0 00 0 0
0 0.0714 0 0.0893 0.0179 0 0.0357 0.0357
0 0 0 0 00 0 0
0 00 0 00 0 0
0 0 0 0 00 0 0
I 0 0 0 0 00 0 0
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Contrast : 2.3214, Correlation : 0.6347, Energy : 0.1250, Homogeneity : 0.6455

11.14 Find the cooccurrence matrix of the 8 x 8 3-bit image.

54455 2 2 2
52 455 2 2 2
32556 3 2 2
2 4455 42 2
4555 6 4 2 2
555 5 4 4 2 2
555 33 42 2
|5 5 4 3 45 2 2|

Let the spatial relationship of a pair of pixels be z(m,n) and x(m,n+ 1). That is, a pixel and its immediate
right neighbor form the pair. Find the contrast, correlation, energy and homogeneity.

710 0 00 20 1 0

000000 0O

2 01020 00

000O0O0O0O 0O

401030 50

000000 0O

401040 12 2

. 001010 0 0]
[ 0.1786 0 0 0 0.0357 0 0.0179 0]
0 0 0 0 0 0 0 0
0.0357 0 0.0179 0 0.0357 0 0 0
0 0 0 0 0 0 0 0
0.0714 0 0.0179 0 0.0536 0 0.0893 0
0 0 0 0 0 0 0 0
0.0714 0 0.0179 0 0.0714 0 0.2143 0.0357
I 0 0 00179 0 0.0179 0 0 0 |

Contrast : 6.8571, Correlation : 0.5032, Energy : 0.1110, Homogeneity : 0.6107

11.15 Given two 2 x 2 images, find the corresponding PCA components and their covariance. Then, recon-
struct the original images from the PCA components.

2 1 3 1
The mean of the matrices are am = 2.5 and bm = 2.5. Subtracting the respective means from the matrices,

converting them into column vectors and concatenating, we get

—0.5000  0.5000
—1.5000 —1.5000

Tmn) = 05000 —0.5000
1.5000  1.5000
1. 1.

Clmom) — | 10067 13333

| 1.3333  1.6667
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The two eigenvalues are {3,0.3333}. The eigenvectors are

R— —0.7071 —0.7071
| —0.7071  0.7071
The principal components are found as
—0.5000  0.5000 —0.0000  0.7071
CwR— —1.5000 —1.5000 —0.7071  —0.7071 ] 2.1213  0.0000
v= o 0.5000 —0.5000 —0.7071  0.7071 | 0.0000 —0.7071
1.5000  1.5000 —2.1213  —0.0000

The covariance of the PCA component matrix is the product of its transpose with itself.

C(m,n) = [ 3.0000 0.0000 }

0.0000 0.3333

The input can be reconstructed by

am  bm —0.0000  0.7071 25 2.5
s = yRT4| @™ bm | _| 21213 00000 {—0.7071 —0.7071} 25 2.5
am  bm 0.0000 —0.7071 | | —0.7071  0.7071 2.5 2.5
am  bm —2.1213  —0.0000 25 2.5
—0.5000  0.5000 2.5 2.5 2 3
| —1.5000 —1.5000 25 25| |1 1
0.5000 —0.5000 2.5 2.5 3 2
1.5000  1.5000 25 2.5 4 4

11.16 Given two 2 x 2 images, find the corresponding PCA components and their covariance. Then, recon-
struct the original images from the PCA components.

3 1

2 4

11
2 3

The mean of the matrices are am = 1.75 and bm = 2.5. Subtracting the respective means from the matrices,

a(m, n) = [ b(m,n) = {

converting them into column vectors and concatenating, we get

—0.7500 0.5000
2(m,n) = —0.7500 —1.5000
e 0.2500 —0.5000
1.2500 1.5000
0.9167 0.8333
Clmn) = { 0.8333 1.6667 }
The two eigenvalues are {2.2055,0.3778}. The eigenvectors are
R_ —0.5430 —0.8398
| —0.8398  0.5430
The principal components are found as
—0.7500 0.5000 —0.0126 0.9013
2R —0.7500 —1.5000 —0.5430 —0.8398 | 1.6669 —0.1846
v= N 0.2500 —0.5000 —0.8398  0.5430 | 0.2841 —0.4814
1.2500 1.5000 —1.9383 —0.2352
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The covariance of the PCA component matrix is the product of its transpose with itself.

2.2055 0
C<m’")_{ 0 0.3778}
The input can be reconstructed by
am bm —0.0126  0.9013 1.75 2.5
e — oRT 4| M bm | 1.6669 —0.1846 —0.5430 —0.8398 1.75 2.5
=Y am bm | | 02841 —0.4814 | | —0.8398  0.5430 1.75 25
am bm —1.9383 —0.2352 1.75 2.5
—0.7500  0.5000 1.75 2.5 1 3
- —0.7500 —1.5000 N 175 25 | |11
0.2500 —0.5000 1.7 25 | | 2 2
1.2500  1.5000 1.75 2.5 3 4

11.17 Given two 2 x 2 images, find the corresponding PCA components and their covariance. Then, recon-
struct the original images from the PCA components.

wnn=[3 1] =[]

The mean of the matrices are am = 2.5 and bm = 2. Subtracting the respective means from the matrices,
converting them into column vectors and concatenating, we get

—0.5000 0
wmon)y — | 13000 0
T 05000 —1.0000
15000 1.0000
1.6667 0.3333

C =
(m,n) [0.3333 0.6667}

The two eigenvalues are {1.7676,0.5657}. The eigenvectors are

R— [ —0.9571 —0.2898
| —0.2898  0.9571
The principal components are found as
—0.5000 07 0.4785  0.1449
_ R | —1:5000 0 —0.9571 —0.2898 | 1.4356  0.4347
v= N 0.5000 —1.0000 —0.2898  0.9571 | | —0.1888 —1.1020
1.5000  1.0000 | —1.7254  0.5224

The covariance of the PCA component matrix is the product of its transpose with itself.

1.7676 0
C(m’")_{ 0 0.5657}
The input can be reconstructed by
am bm 0.4785  0.1449 25 2
e — oRTL| M bm | 1.4356  0.4347 —0.9571 —0.2898 N 25 2
- Y am bm | | —0.1888 —1.1020 —0.2898  0.9571 2.5 2
am bm —1.7254 0.5224 25 2
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—0.5000
—1.5000
0.5000
1.5000

0.0000
0.0000
—1.0000
1.0000

2.5
2.5
2.5
2.5

NN NN
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Chapter 12

Classification

12.1 The feature vectors of 3 classes are given. Using the 3-nearest neighbors classifier, classify the test

vector {16, 16}.

(i)
Class Feature 1 | Feature 2
Classl 14 16
Classl 14 14
Classl 13 17
Class2 18 14
Class2 17 16
Class2 17 15
Class3 14 17
Class3 17 19
Class3 15 17

(i) The distance between the test vector and the other 9 feature vectors are

{2.0000, 2.8284, 3.1623,2.8284, 1,1.4142, 2.2361, 3.1623, 1.4142}

The sorted distances are

{1,1.4142,1.4142, 2.0000, 2.2361, 2.8284, 2.8284, 3.1623, 3.1623}

Test vector belongs to class 2.

12.2 The feature vectors of 3 classes are given. Using the 3-nearest neighbors classifier, classify the test

vector {16, 17}.
(i)
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Class Feature 1 | Feature 2
Classl 15 16
Classl 16 19
Classl 15 17
Class2 17 14
Class2 18 15
Class2 17 15
Class3 14 17
Class3 17 18
Class3 14 16

(ii) The distance between the test vector and the other 9 feature vectors are
{1.4142,2.0000, 1.0000, 3.1623, 2.8284, 2.2361, 2.0000, 1.4142, 2.2361}
The sorted distances are
{1.0000, 1.4142, 1.4142,2.0000, 2.0000, 2.2361, 2.2361, 2.8284, 3.1623 }

Test vector belongs to class 1.
12.3 The feature vectors of 3 classes are given. Using the 3-nearest neighbors classifier, classify the test

vector {17,16}.

(i)
Class Feature 1 | Feature 2
Classl 15 17
Classl 16 20
Classl 14 14
Class2 20 13
Class2 17 14
Class2 18 15
Class3 16 16
Class3 13 18
Class3 16 19

(iii) The distance between the test vector and the other 9 feature vectors are
{2.2361,4.1231, 3.6056, 4.2426, 2.0000, 1.4142,1.0000, 4.4721, 3.1623}
The sorted distances are
{1.0000, 1.4142, 2.0000, 2.2361, 3.1623, 3.6056,4.1231, 4.2426,4.4721}

Test vector belongs to class 2.

12.4 Let the mean feature vectors {10,10}, {—10,—10} and {10, —10}. Let the test vectors be {12, —10},
{8,9} and {—9, —11}. Find the three discriminant function of the three classes. Classify the test vectors.

[ f1 f2]“8}—0.5[10 10]“8}

Simplifying, we get
dx(f1, f2) =10f1+ 10f2 — 100
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Similarly, for class2, we get
dy(f1, f2) = —-10f1 — 102 — 100

For class3, we get
dz(f1, f2) =10f1 - 102 — 100

For the first feature vector, these three functions yield
{-80,70,—300}
For the second feature vector, these three functions yield
{-120, —270,100}
and, for the third feature vector, these three functions yield

{120, —110, —80}

12.5 Let the mean feature vectors {22, —20}, {20, 20} and {—18,—19}. Let the test vectors be {23, —20},
{21,18} and {—18,—19}. Find the three discriminant function of the three classes. Classify the test vectors.

[ f1 f2]{_§ﬂ—0.5[22 —20][_33]

Simplifying, we get
dz(f1, f2) = 22f1 — 202 — 442

Similarly, for class2, we get
dy(f1, f2) =20f1+20f2 — 400

For class3, we get
dz(f1, f2) = —18f1 — 19f2 — 342.5

For the first feature vector, these three functions yield

{464, —340, —458}
For the second feature vector, these three functions yield

{—340, 380, —1140}
and, for the third feature vector, these three functions yield

1000{—0.3765, —1.0625,0.3425}

12.6 Let the mean feature vectors {15, —17}, {17,15} and {—16,16}. Let the test vectors be {18, —16},
{18,14} and {—16,16}. Find the three discriminant function of the three classes. Classify the test vectors.

[ f1 f2][18}—0.5[10 10]“8}

Simplifying, we get
dx(f1, f2) = 15f1 — 17f2 — 257

Similarly, for class2, we get
dy(f1,f2) =17f1+ 152 — 257
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For class3, we get

dz(f1, f2)

—16f1 + 162 — 256

For the first feature vector, these three functions yield

{285, —225, —769}

For the second feature vector, these three functions yield

{—191,259, —289}

and, for the third feature vector, these three functions yield

{—800, —320, 256}

12.7 Draw the decision tree flowchart for classifying the 5 objects.

Object F

0]

U

R

Area

750

964

647 | 1084

658

Form

132

484

108

233

116

108

2=(233+484)/2= 358.5 and O classified

f1=(750+1084)/2= 917 and R classified

f1=(750+658)/2= 704 and F classified

647 658 750 | 1084
108 116 132

647 658
108 116

f1=(647+658)/2= 652.5 and U and S classified

647 658 750 964
116 132 233

132

750}

1084
484

233

12.8 Draw the decision tree flowchart for classifying the 5 objects.

Object

5

6

7

8

9

Area

1199

1245

822

1478

1229

Form

168

327

205

445

168

f1=(822+1199)/2= 1010.5 and 7 classifie

|

[ 822 | 1199

205
d

168

f1=(1245+1478) /2= 1361.5 and 8 classified

f2=(168+327)/2= 247.5 and 5 classified

1199
168

f1=(1199+1229)/2= 1237 and 6 and 9 classified

3

1229
327

27

1229
327

1245
327

327

1199 1229 1245 |1

1245
327

1478
445

478
445

|

12.9 Draw the decision tree flowchart for classifying the 5 objects.
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12.7 Flowchart of the decision tree algorithm
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12.8 Flowchart of the decision tree algorithm

Object 0 1 2 3 4

Area 1419 | 880 | 1090 | 1023 | 1118

Form 576 | 273 | 183 | 176 | 402

880 1023 1090 1118 | 1419
176 183 273 402 | 576
f1=(1118+1419)/2= 1268.5 and 0 classified

880 1023 1090 1118
273 176 183 402

176 183 273 | 402
£2=(273+402) /2= 337.5 and 4 classified

{ 880 1023 1090 | 1118 }

1023 1090 880
176 183 273

880 1090 1023
176 183 273

f1=(880+1090) /2= 990 and 1 classified
2=(183+273) /2= 228 and 2 and 3 classified
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12.9 Flowchart of the decision tree algorithm
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12.10 Samples of training data of two classes, ¢1(m,n) and ¢2(m,n), are

[ 0.7124 —1.0637 [ —1.2296 0.7281 7
1.0219 -1.3503 —1.2066 0.6124
1.0487 —0.6465 —1.7524 3.1638
c1(m, n) = 1.7837 —0.5444 2(m, n) = 1.3789 0.6478
’ 2.4486 —0.3089 ’ —2.2385 —0.5050
1.4430 —0.6230 —1.6842 3.2676
0.8010 —0.9970 —2.0069 2.7461
| 1.5931 —1.0655 | —2.6606 0.6753

Classify the test samples ¢(m,n) using Bayes classification.

0.4804 —1.2375 |

1.0979 —0.8694
—1.7471  0.1364
—0.8781  0.2799
—0.9416  0.6194
| —2.9676  1.2279 |

with
(i) p(w1) = 0.9 and p(ws) = 0.1.
(ii) p(w1) = 0.1 and p(wz) = 0.9.

The mean of class] is {1.3566 — 0.8249} and that of class2 is {—1.42501.4170}. The covariance matrices
of class] and class2, respectively, are

Ch— eml(m,n)"eml(m,n) [ 0.3384 0.1449
L 7 ~ | 01449 0.1197
Co = em2(m,n)Tem2(m,n) [ 1.5213 —0.2589
T 7 T | —0.2589  2.0286
The determinants of the matrices are 0.0195 and 3.0192. The inverses are
6.1322 —7.4206 [ 0.6719 0.0857
—7.4206 17.3319 | 0.0857 0.5039

With p(wy) = 0.9 and p(wz) = 0.1, the decision function for classl d; () is
—3.066122 — 8.665922 + 7.4206(x1 + 22) + 14.4400z;, — 24.3637x2 — 17.9806
For the test data, the decision function yields
{0.7163,1.7258, —57.8204, —42.3467, —57.0393, —157.8573}
The decision function for class2 da(x) is
—0.336022 — 0.251922 — 0.0857(z1 + 22) — 0.836021 + 0.5918z5 — 3.8700
For the test data, the decision function yields
{~5.4164, —5.8159, —3.3385, —3.2280, —3.0608, —3.6886}
(ii) With p(w1) = 0.1 and p(wz) = 0.9, the decision function for classl dy (x) is

—3.06612% — 8.665923 4 7.4206(x1 + o) + 14.4400x; — 24.363725 — 20.1778
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For the test data, the decision function yields
{—1.4809, —0.4714, —60.0177, —44.5439, —59.2365, —160.0545}
The decision function for classl da(x) is
—0.33602% — 0.25192% — 0.0857 (1 + ) — 0.8360z; + 0.591825 — 1.6728
For the test data, the decision function yields

{-3.2192, -3.6187, —1.1413, —1.0308, —0.8636, —1.4913}

12.11 Samples of training data of two classes, c1(m,n) and ¢2(m,n), are

[ —1.3587 —1.7484 ] [ —1.2082 —0.4353 ]
1.5513  —0.9966 04252  0.3338
~1.0799 —1.7673 —4.0033  1.1938
A )= | L2003 —1.0427 om.m) = | LTI 05872
’ 1.0758 —0.6775 ’ —2.7969  1.4268
0.1002 —1.2125 ~1.5411  1.5656
1.3904 —0.5126 —0.0826 —0.3152

| 1.6422 —0.7607 | | 01678 0.7499 |

Classify the test samples ¢(m,n) using Bayes classification.

[ —2.5374 —2.4336
1.7707 —0.8282
—1.7326  2.1029
—3.5297  1.9491
—1.3760 —0.9096

| —2.2018  1.1494

with
p(w1) = 0.5 and p(w2) = 0.5.

The mean of classl is {0.2651, —1.2023} and that of class2 is {—1.3441,0.6383}. The covariance matrices
of classl and class2, respectively, are

C, =

eml(m,n)Teml(m,n) [ 1.7278 0.6868
7 | 0.6868 0.3077

Cy=

em2(m,n)Tem2(m,n) [ 2.3405 —0.6436
7 - | —0.6436  0.5657

The determinants of the matrices are 0.0600 and 0.9097. The inverses are

5.1279 —11.4444 0.6218 0.7075
—11.4444  28.7907 0.7075 2.5727

With p(wy) = 0.5 and p(wz) = 0.5, the decision function for classl d; (x) is
—2.564022 — 14.395422 + 11.4444(z1 + 22) + 151190z, — 37.6489z5 — 23.9232
For the test data, the decision function yields

{—1.7575, —0.6673, —242.3435, —316.0362, —12.9224, —160.8966}
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The decision function for class2 ds(x) is
—0.310927 — 1.286423 — 0.7075(x; + ) — 0.3842x1 + 0.691325 — 1.1247
For the test data, the decision function yields

{—15.8210, —3.1971, —3.0494, —2.3143, —3.7633, —0.9004}

12.12 Samples of training data of two classes, ¢1(m,n) and ¢2(m,n), are

[ 2.6140 —0.5545 [ 0.3066 1.8237

0.5164 —1.0168 —0.6225 —0.4234

0.9973 —1.4846 —0.0926 1.0912

c1(m, n) = 1.8727 —0.5267 2(m,n) = —0.3983 1.8489
’ 1.1421 —0.6542 ’ —2.8593 —0.9255
2.3328 —0.3331 —1.5889 1.4916

1.9811 —0.2564 0.7320 0.7428

| 1.2766 —0.1643 | —1.0616 —0.3287

Classify the test samples ¢(m,n) using Bayes classification.

1.5646 —1.3982
0.2250 —1.5204
—1.8283 —1.3793
—2.0365 0.0497
—2.6668  0.3246

| —0.3692 0.8388

with
p(w1) = 0.4 and p(ws2) = 0.6.

The mean of classl is {1.5916, —0.6238} and that of class2 is {—0.6981,0.6651}. The covariance matrices
of classl and class2, respectively, are

Cn = eml(m,n)"eml(m,n) [ 0.5194 0.1800 ]
e 7 ~ | 0.1800 0.1916 |
C. em2(m,n)"em2(m,n) [ 1.3019 0.6955 ]
2 7 ~ | 0.6955 1.1881 |

The determinants of the matrices are 0.0671 and 1.0631. The inverses are

2.8540 —2.6807 1.1176  —0.6542 |
—2.6807  7.7371 —0.6542 1.2246 |

With p(wy) = 0.4 and p(wz) = 0.6, the decision function for classl d;(z) is
—1.427027 — 3.8686x3 + 2.6807(x1 + x2) + 6.214921 — 9.0933x5 — 7.3479
For the test data, the decision function yields
{-1.8305, —2.0560, —11.5379, —26.6557, —39.7503, —21.0165}
The decision function for class2 ds(x) is
—0.5588x2 — 0.612322 4 0.6542(x1 + ) — 1.21522; + 1.271125 — 1.3883
For the test data, the decision function yields

{-9.0630, —5.2618, —2.3027, —1.2355, —2.3397, —0.5830}
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Chapter 13
Compress

13.1 Given a 4 x 4 image, compute the entropy. Find the Huffman code representation of its unique symbols

and the bpp.
(i)
[ 144 113 121 107 T
144 110 121 103
129 109 120 99
L 116 108 121 103 |
(i)
209 190 179 179 T
143 136 132 129
131 130 125 117
L 113 109 118 143 |
(iii)
8 91 91 &9
79 83 88 &7
90 86 86 90
97 93 88 90
(i)
[ 99] 10 1 1
[103] 10 0O
[107] 1.0 1 O
[108] 01 0 1’
[109] 01 0 O’
[110] 001 1 12
[113] 001 1 O
[116] 0 0 0 0 1°
[120] 0 0 0 0 O
[121] S
[129] 0 0 0 17
[144] 0 0 1

bpp = 3.5, entropy = 3.4528
(i)
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[109] 0 0 0 1’
[113] 0 0 0 O
[117] 0 0 1 12
[118] 00 1 O
[125] 11 0 1’
[129] 11 0 O
[130] 11 1 1
[131] 11 1 o
[132] 1 0 0 1°
[136] 1 0 0 O
[143] 001 1
[179] 0 1 0
[190] 1 0 1 1
[209] 10 1 O
bpp = 3.75, entropy = 3.75
(iii)
[79] 001 0 1’
[83] 001 0 O
[85] 001 1 1
[86] 10 1
[87] 001 1 0O
[88] 1 0 0’
[89] 00 0 0 1°
[90] 11
[91] 0 0 1°
[93] 0 0 0 0 O
[971 00 0 1°

bpp = 3.375, entropy = 3.3278

13.2 Given a 4 x 4 image, decompose it into 4 bit planes and represent each of them by run-length coding.
Use both the methods.

(i)
6 6 15 14
8 8 4 11
9 9 10 12
10 14 13 1
(i)
11 9 15 14
13 7 6 7
6 5 5 5
11 4 4 2
(iii)
13 9 12 10
13 13 12 9

13 13 12 9
11 13 12 10
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6 6 15 14 0 0 1 1 1 1 1 1 1 1 11 00 1 0
8 8 4 11 30 1 1 0 1 2 00 1 0 0 0 0 1 00 0 1
=2 2 2
9 9 10 12 1 1 1 1 + 00 0 1 + 00 1 0 + 1 1 0 0
10 14 13 1 1 1 1 0 0 1 1 0 1 1 0 0 0 0 1 1
{22,0211,04,031 04,211, 31,121 04, 31,211,022 211, 31,022, 22}
{32,1241,14,13 14,31,41,22, 14,41,31,12 31,41, 12,32}
(i)
11 9 15 14 1 1 11 0 0 1 1 1 0 1 1 1 1 10
13 7 6 7 311 0 0 O o 1 1 1 1 0 1 1 1 1 1 0 1
=2 2 2
6 5 5 5 0 0 0 O * 1 1 1 1 + 1 0 0 O + 0 1 1 1
11 4 4 2 1 0 0 O 0 1 1 0 1 0 0 1 1 0 0 O
{04,013,4,013 22,04, 04,121 0112,13,013,0121 031,0211, 13,013}
{14,11,10,11 32,14, 14,22 1132, 23,11, 1141 13, 1241,23, 11}
(iii)
13 9 12 10 1 1 1 1 1 01 0 0 0 0 1 1 1 0 0
13 13 12 9 3 1 1 1 1 5 1 1 1 0 00 0 O 1 1 0 1
=2 +2 +2 +
13 13 12 9 1 1 1 1 1 1 1 0 0 0 0 O 1 1 0 1
11 13 12 10 1 1 1 1 01 1 0 1 0 0 1 1 1 0 0

{04,04,04,04 01111,031, 031,121 31,4, 4,0121 022,0211,0211, 022}
{14,14,14,14 1131,13,13,22 41, 10, 10, 1141 12,1241, 1241, 12}

13.3 Given a 4 x 4 image, find the linear predictive code. Find the entropies of the input and the code.
(i)
15 16 20 20
15 15 19 22
15 16 19 20
15 17 19 16
(i)
158 157 154 149
168 153 157 149
170 152 157 149
166 153 157 142
(iii)
106 103 98 99
121 122 108 93
102 102 100 99
100 101 102 96

15
15
15
15

N = O =
N W =
_ w o
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{2.3829,2.7028}

158 -1 -3 =5
168 —-15 4 -8
170 -18 5 -8
166 —-13 4 -15

{3.0778,3.6250}
(iif)

106 -3 -5 1

121 1 —14 —15

102 0 -2 -1

100 1 1 -6

{3.4528,3.5}
13.4 Given a 1-digit sequence, find its arithmetic code. Reconstruct the sequence from the code. Let there

be 3 symbols {1,2,3} and number of occurrences of the symbols, respectively, be {2,1,1} in a sequence of
length 4.

(i) {1}
(ii) {2}
(i)
=1+ L(u -1+ lt)o;;count(l)J o0+ {16: OJ — 0 = (0000)s
ul =0+ V“ —r lzoja?count@)J —1=0+ {16: 2J —1=8=(0111),
code = {0}.

11=0=(0000), ul=15=(1111),

The final code is {00000}.
To decode, we read the first 4 bits of the code into tag = (0000); = 0.

(tag — 1+ 1) x total — 1
tem =
u—1+1

{1><41

T J =0 = (0000),

The index is 1. The decoded symbol, 1, is with this index in sym list. Now, we update the limits.

1
11:0+{ 64XOJ = 0 = (0000),

16 x 2

u1_o+L J—1_7_(o111)2
11 =0 = (0000), ul = 15 = (1111),, tag = 0 = (0000),

(i)

B (u—1+41) x ccount(l) | 6x2]
=1+ \‘ total =0+ 1 = 8 = (1000),

(u—141) x c_count(2) B 16 x 3
total b=0+ 4

ule—ﬁ—{ J—1:11:(1011)2

code = {1}.
11 =0 =(0000)q, ul =7 = (0111),
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code = {10}.
I1=0=(0000)s, wul=15=(0111),

The final code is {100000}.
To decode, we read the first 4 bits of the code into tag = (1000)2 = 0.

(tag — 1+ 1) X total — 1 9x4—1
tem = =
u—1+1 16

J =2 = (0010),

The index is 2. The decoded symbol, 2, is with this index in sym list. Now, we update the limits.

16 x 2
11=0+{ : J:8:(1000)2

16 x 3

u1—0+{ J1—11—(1011)2

11 =0 = (00003, ul =7 = (0111),, tag = 0 = (0000),
11 =0 = (0000), ul =15 = (1111), tag = 0 = (0000)

13.5 Given a sequence z(n), find the 1-level DWT coefficients using the 9/7 filter. Assume whole-point
symmetry at the borders. Verify that the reconstructed signal is the same as the input.
(i)

{15 _47 17 3a 37 17 37 07 27 2a 3a 17 _57 27 O? 3}

{1,2,1,1,3,4,0,3,1,3,2,—-1,0,1,4, -3}
{-2,0,2,-2,1,0,3,1,-2,1,2,—-1,2,0,—2,1}

{—2.3039,0.2557, 3.8341, 2.4144, 1.6731, 4.0880, —3.5067, 2.2929,
3.6913,—1.0733,1.6485,1.8253,0.6833, —1.5910, —3.6983, —1.5573}

(i)
{2.3203,1.4371,4.2909, 2.2174, 2.9378, 2.4055, —0.4746, 2.2891,
—0.8769,1.0635, —1.8660, —1.9852, —1.0298, 1.4647,0.3339, 5.7916 }

(iii)
{—1.9768,1.2504, —0.6304, 3.2213, —1.3664, 1.7194, 1.1290, —1.1528,

—0.2750,2.7667,1.6317, —0.5233, —1.1112, 2.7597, 0, —2.7190}

13.6 Given a 4 x 4 image, find its compressed version using the 1-level Haar DWT and the Huffman code.

What is the bpp and SNR.

(i)

170 168 164 173
179 167 167 167
184 179 173 166
183 179 184 173

[ 172 173 170 171 T
171 176 173 172
174 178 172 170
176 175 171 170
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(iii)
162 163 163 161
162 164 161 161
163 165 164 162
167 161 162 164

(i)
[ 1] 001 1 1
[ o] 0 1 0’
[-1] 001 1 O
[ 3] 0 0 0 1’
[ 4] 0 0 0 O
[ 5] 0 0 1 1
[47] 00 1 O
[51] 11 0 1’
[54] 11 0 O
[63] 11 1 1
[-5] 11 1 0
[-2] 1 0°
bpp = 3.375, SNR = 47.9747
(i)
[57] 01 0 1
[59] 001 0 O
[63] 001 1 1
[56] 001 1 O
[ 1] 0 0 1°
[-1] 0 0 0O’
[ o] 710
bpp = 2.375, SNR = 46.9179
(iii)
[61] 10 1°
[59] 01 0 12
[63] 0 1 0’
[-3] 001 1 1
[ 2] 1 0 O
[ 1] 110
[-1] 001 1 O
[ o] 0 0’

bpp = 2.75, SN R = 54.5465
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Chapter 14
Color Image

14.1 Given the RGB components of a 4 x 4 color image, find the CMY components of its CMY model.

(i)

229 226 238 214 215 212 231 213 71 41 73 72
239 238 225 233 222 225 214 224 90 70 74 93
252 247 222 242 242 235 209 229 91 76 53 89
214 213 240 224 201 196 225 211 50 33 69 79
(i)
171 228 231 229 133 54 64 44 125 120 130 113
180 225 231 221 130 51 63 42 125 115 129 105
192 225 229 213 99 48 63 40 119 114 127 102
204 221 229 216 71 50 65 44 116 114 128 109
(iii)
F64 68 67 66 7 [ 102 107 108 108 55 64 63 54 T
61 59 65 65 93 100 106 104 55 56 63 59
68 64 66 69 107 102 102 106 65 59 5H8 62
L 74 71 68 69 | [ 115 110 103 107 69 66 60 56 |
(i)
26 29 17 41 7 [ 40 43 24 42 184 214 182 183 7
16 17 30 22 33 30 41 31 165 185 181 162
3 8 33 13 13 20 46 26 164 179 202 166
L 41 42 15 31 | [ 54 59 30 44 205 222 186 176 |
(i)
84 27 24 26 122 201 191 211 130 135 125 142
75 30 24 34 125 204 192 213 130 140 126 150
63 30 26 42 156 207 192 215 136 141 128 153
51 34 26 39 184 205 190 211 139 141 127 146
(iil)
191 187 188 189 153 148 147 147 200 191 192 201
194 196 190 190 162 155 149 151 200 199 192 196
187 191 189 186 148 153 153 149 190 196 197 193
181 184 187 186 140 145 152 148 186 189 195 199

14.2 Given the RGB components of a 4 x 4 color image, find the HSI components of its HSI model.
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232
235
236
236

210
201
190
180

(iii)

(i)

0.8952
0.8942
0.8923
0.8907

(i)

0.9497
0.9426
0.9089
0.8831

(iii)

0.2815
0.2829
0.2831
0.2905

14.3 Given the RGB components of a 4 x 4 color image, find the YIQ components of its NTSC model.

(i)

0.8893
0.8864
0.8841
0.8817

0.8864
0.8844
0.8760
0.8655

0.2865
0.2967
0.2947
0.2947

98
94
88
80

234
235
236
237

148
152
152
157

94
90
85
79

0.8881
0.8837
0.8776
0.8737

0.8705
0.8684
0.8671
0.8680

0.3015
0.3140
0.3092
0.3021

235
237
234
234

149
146
140
134

86
83
80
76

0.8782
0.8738
0.8680
0.8650

0.8716
0.8676
0.8636
0.8648

0.3046
0.3099
0.3048
0.3040

235
235
234
236

155
150
144
137

82
80
78
74

49
52
93
o7

103
64
48
37

131
124
116
109

0.6682
0.6556
0.6528
0.6323

0.3133
0.4921
0.6033
0.6847

0.2090
0.1946
0.1935
0.1977

48
55
61
64

37
37
35
34

127
122
115
106

57
61
61
69

29
28
27
28

120
116
111
103

71
78
84
92

34
34
34
31

116
112
108
103

0.6807
0.6452
0.6164
0.6041

0.6250
0.6349
0.6580
0.6832

0.2027
0.1781
0.1818
0.1765

236 239 242 247 7 [ 193 190
236 239 244 249 190 187
235 240 245 250 189 185

L 236 241 245 249 | | 188 184

[ 209 210 232 250 7 [ 32 28
206 212 235 248 29 29
208 213 233 238 31 33

| 212 212 220 219 | | 35 38

109

0.6330
0.6180
0.6187
0.5810

0.7081
0.7133
0.7128
0.6912

0.1837
0.1552
0.1623
0.1653

187
185
184
182

37
40
43
39

43
42
39
32

162
166
169
172

137
113
125
135

82
80
(6]
69

0.5688
0.5385
0.5135
0.4831

0.6752
0.6688
0.6600
0.6714

0.1838
0.1654
0.1712
0.1762

186
184
182
180

51
46
47
50

169
175
180
184

111
115
120
131

80
80
(6]
70

N OO -

54
51
49
49

174
181
185
191

188
194
200
206

120
119
115
110

125
124
122
115

7
78
74
69

74
74
71
67

0.5791
0.5922
0.5987
0.6078

0.5882
0.4941
0.4745
0.4601

0.4065
0.3895
0.3647
0.3373

D W = O
© O NN O

66
65
61
93

© O N O

69
61
48

0.5895
0.6078
0.6235
0.6340

0.3869
0.3974
0.4013
0.4209

0.3935
0.3817
0.3595
0.3333

0.6092
0.6261
0.6275
0.6458

0.3895
0.3830
0.3686
0.3556

0.3699
0.3621
0.3464
0.3242

0.6458
0.6627
0.6771
0.6980

0.4105
0.4026
0.3922
0.3699

0.3556
0.3477
0.3359
0.3190



(iii)

0.7214
0.7141
0.7106
0.7104

(i)

0.3415
0.3288
0.3362
0.3515

(iii)

0.6875
0.6862
0.6852
0.6819

222
226
233
238

0.7176 0.7142
0.7111 0.7128
0.7086 0.7135
0.7088 0.7102

0.3348 0.3867
0.3381 0.3966
0.3476 0.3994
0.3579 0.3714

0.6878 0.6952
0.6874 0.6933
0.6864 0.6876
0.6807 0.6796

223
227
234
239

227
232
235
238

0.7178
0.7164
0.7147
0.7103

0.4260
0.4183
0.3961
0.3519

0.7081
0.7037
0.6922
0.6796

231
235
237
238

0.3426
0.3471
0.3458
0.3467

0.3897
0.3922
0.3935
0.3947

0.3160
0.3313
0.3519
0.3679

185
183
179
175

0.3541
0.3561
0.3580
0.3577

0.3926
0.3999
0.4005
0.3928

0.3208
0.3336
0.3543
0.3713

185
183

1
1

79
74

186
183
179
174

0.3643
0.3686
0.3670
0.3654

0.4192
0.4242
0.4213
0.4054

0.3278
0.3453
0.3566
0.3690

189
186
180
174

0.3771
0.3814
0.3809
0.3769

0.4422
0.4474
0.4373
0.4169

0.3302
0.3491
0.3602
0.3690

S O O W
o O O =

—0.1988
—0.1939
—0.1927
—0.1873

o O O N
O O O L

0.1700
0.1676
0.1663
0.1651

—0.1916
—0.1878
—0.1738
—0.1615

—-0.1914 —0.1828 —0.1766
—0.1840 —0.1746 —0.1684
—0.1766 —0.1668 —0.1585
—0.1701 —-0.1590 —-0.1516

0.1827
0.1786
0.1688
0.1577

0.1971 0.2120
0.1923 0.2038
0.1796 0.1919
0.1672 0.1746

—-0.1932 —-0.1907 —0.1899
—0.1870 —0.1828 —0.1865
—0.1730 —-0.1722 —0.1725
—0.1586 —0.1594 —0.1594

14.4 Given the RGB components of a 4 x 4 color image, find the YCbCr components of its YCbCr model.

(i)

(iii)

226
226
226
226

64
66
67
68

142
144
145
147

227
224
208
191

226
226
226
226

64
66
67
71

142
144
144
153

230
215
207
197

226
225
225
225

71
62
67
70

150
143
152
155

230
214
208
198

225
223
222
223

71
81
73
60

149
163
157
126

229
215
209
195

239
239
239
239

122
122
122
122

SN O

239
239
239
239

122
122
122
121

15
17
18
21

DN O D

12
12
12
11

24
12
16
20

DN O Ut

238
238
238
238

0 1
0 1
0 1
8 1

110

24
35
24
18

w = O W

235
235
235
236

20
20
20
16

44
47
46
49

19 15 14
13 15 14

219
219
219
219

182
182
182
183

27T 32 32
30 20 19

221
221
221
221

182
182
181
184

49
37
43
42

18
18
18
18

48
99
51
28

32
22
16

221
220
220
221

220
218
218
219

2 181
4 183
6 184
6 175



77 81 81 79 106 106 107 107 226 225 225 225
78 73 73 73 107 105 105 106 223 221 221 221
72 72 72 72 105 103 103 104 217 217 218 218
66 71 71 69 105 104 103 104 211 211 212 212
(iil)
216 216 216 214 121 122 122 123 124 124 124 125
216 216 215 213 121 122 122 122 124 124 124 124
216 216 215 213 121 122 122 122 124 124 124 124
216 216 215 214 121 122 122 122 124 124 124 124

14.5 An 8-bit gray level image is to be converted to a color image by pseudocoloring. What is the color

map for the given color assigment.

(i)

Gray level range 0 1-64 | 65-128 | 129-192 | 255
color _map Cyan | Green | Blue | magenta | Red
(i)
Gray level range 0 1-64 | 65-128 | 129-192 255
color _map Yellow | Red | magenta | Cyan | Green
(iii)
Gray level range 0 1-64 | 65-128 | 129-192 | 255
color_map magenta | Yellow | Red Cyan | Blue

color_mapl =

= -0 O O
O OO ==
O~ = O

color_mapl =

SO O = =
== O O =
O R =k O O

(iii)

color_mapl =

O O = =
O = O = O
= =0 O =

14.6 Given the RGB components of a 4 x 4 color image, find its complement.

(i)
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76 69 93 147 96 90 121 179 50 47 58 82
129 88 77 163 153 113 102 180 78 59 49 100
67 114 142 163 99 142 169 191 34 69 96 111
100 92 160 165 132 122 188 186 57 54 109 104

69 114 59 41 81 131 82 65 42 73 40 27
78 82 141 56 90 99 167 82 49 48 93 37
138 47 81 106 157 61 104 136 93 30 53 68
128 131 52 79 153 150 70 106 83 88 35 51

(iii)

128 164 139 142 160 190 169 171 74 93 71 88
174 199 178 163 197 215 199 189 102 105 99 105
179 204 204 169 200 217 218 193 90 100 109 100
101 174 202 149 124 189 216 175 42 70 104 82

179 186 162 108 159 165 134 76 205 208 197 173
126 167 178 92 102 142 153 75 177 196 206 155
188 141 113 92 156 113 86 64 221 186 159 144
155 163 95 90 123 133 67 69 198 201 146 151

(i)

186 141 196 214 174 124 173 190 213 182 215 228
177 173 114 199 165 156 88 173 206 207 162 218
117 208 174 149 98 194 151 119 162 225 202 187
127 124 203 176 102 105 185 149 172 167 220 204

(iii)

127 91 116 113 95 65 86 84 181 162 184 167
81 56 77 92 58 40 56 66 153 150 156 150
76 51 51 86 95 38 37 62 165 155 146 155

154 81 53 106 131 66 39 80 213 185 151 173
14.7 Given the RGB components of a 4 x 4 color image with intensity values varying from 0 to 255, find

the histogram-equalized version of its intensity component of its HSI model.

(i)

8 80 81 90 108 107 107 116 7 [ 38 36 37 45
78 73 84 100 105 99 110 129 37 31 41 55
7579 93 93 101 106 120 122 35 38 50 49
74 84 102 91 100 110 130 120 34 43 59 49 |

(i)

[ 58 110 89 25 79 129 112 397 [ 30 73 45 77

61 106 89 81 82 124 111 83 29 66 49 45

64 83 130 157 86 100 130 139 27 43 70 90

62 88 173 162 85 92 149 134 27 39 97 94 |
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(iii)
114
129
144
143

127
136
137
139

144 114
131 84
124 76
145 120

84
106
127
143

99
120
135
148

139
135
133
155

(1) The intensity component and its equalized version are

76 74
73 68
70 74
69 79

75
78
88
97

84
95
88
87

128

64
48
32

(ii) The intensity component and its equalized version are

56 104
57 99
59 75
58 73

82
83
110
140

24
70
129
130

(iii) The intensity component and its equalized version are

89 98

111 109
127 117
125 126

118
108
107
132

99
73
65
109

113

48
159
239
207

128
95
86

130

96
16
96
159

191
175
128
112

64
143
175
223

112
143
223
255

143
159
207
255

191
112

96
255

69
98
111
89

175
239
223
191

16
96
223
239

80
32
16
143

68
71
80
90

71
o7
64
96

55
39
34
76



